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PREFACE 


This  report  contains  the  edited  transcripts  of  the  Review  of  Progress  In  Quantitative  Nondestructive 
Evaluation  held  at  the  Scripps  Institution  of  Oceanography,  July  14-18,  1980.  The  review  was  sponsored 
by  the  Defense  Advanced  Research  Projects  Agency  and  the  Materials  Laboratory  of  the  Air  Force  Wright 
Aeronautical  Laboratories  as  a  part  of  the  Interdisciplinary  Program  for  Quantitative  NDE,  Contract 
No.  F3361 5-80-C-5004 .  Arrangements  for  the  Review  were  made  by  the  Science  Center,  Rockwell  International, 
host  organization  for  the  Interdisciplinary  Program,  and  the  Scripps  Institution  of  Oceanography, 

Dr.  William  A.  Nlerenberg,  Director. 

The  format  selected  for  this  review  was  the  same  as  that  adopted  for  previous  meetings.  This 
included  a  number  of  poster  sessions  In  addition  to  the  more  traditional  technical  sessions.  It  has  been 
found  that  the  poster  sessions  provide  a  good  way  to  accommodate  the  Increased  activity  In  this  field 
while  maintaining  a  forum  that  is  highly  conducive  to  technical  interchange.  As  a  further  means  of 
stimulating  this  exchange,  a  number  of  papers  were  included  which  are  directly  related  to  the  principal 
technical  interests  of  tnls  program  even  though  they  were  not  directly  sponsored  by  DARPA  or  the  Air  Force. 

The  program  emphasized  several  areas  of  the  progress  In  quantitative  NDE.  In  addition  to  the  work 
In  quantitative  ultrasonics,  which  has  been  a  main  program  activity,  the  latest  work  In  electromagnetic 
techniques  and  a  proposed  strategy  for  NDE  of  adhesive  bonds  was  reported.  A  new  concept  that  has  received 
Increasing  attention  over  the  past  year  Is  the  concept  of  Retlrement-For-Cause.  Present  efforts  In  this 
area  were  reviewed  -  an  area  in  which  advanced  NDE  techniques  can  have  a  very  Important  and  quantifiable 
Impact  on  a  major  DOD  system. 

In  all  these  areas,  strong  emphasis  Is  placed  upon  the  physical  interpretation  of  the  quantitative 
measurements  and  their  evaluation  In  terms  of  appropriate  failure  models.  Emphasis  Is  also  given  In  the 
program  to  presentations  and  discussions  which  aedress  state-of-the-art  knowledge  related  to  the  develop¬ 
ment  of  failure  models  for  both  ceramic  and  metallic  materials,  and  the  difference  In  such  models  required 
by  the  nature  of  the  materials. 

Dr.  Arden  L.  Bement,  Deputy  Under  Secretary  for  Defense  Research  and  Advanced  Technology,  gave  an 
excellent  overview  of  reliability  needs  In  future  DOD  systems.  In  his  presentation,  which  Is  Included 
In  these  Proceedings,  he  provided  an  overview  of  current  thinking  as  to  the  threats  facing  this  country 
and  the  future  capabilities  currently  under  development.  Examined  were  the  role  of  Improved  reliability 
In  reducing  operating  and  maintenance  costs  and  Increasing  military  capability,  as  well  as  the  role  of 
research  and  development  In  meeting  future  reliability  requirements.  Finally,  some  of  the  new  policies 
Initiated  in  the  Defense  Research  aid  Advanced  Technology  organizations  to  develop  a  more  effective 
R  and  D  program  were  presented. 

The  organizers  of  the  Review  wish  to  acknowledge  the  financial  support  and  encouragement  provided  by 
DARPA,  the  Air  Force  and  the  technical  participation  of  members  of  the  Materials  Research  Council.  Special 
thanks  are  due  to  Dr.  Bement  for  his  overview.  The  organizers  also  wish  to  thank  speakers,  session 
chairmen,  authors  of  poster  presentations,  and  participants  who  collaborated  to  provide  a  stimulating 
meeting.  They  wish  to  acknowledge  with  thanks  the  assistance  of  Mrs.  Diane  Harris  who  managed  the  organi¬ 
zational  matters  of  the  meeting  and  who  organized  these  Proceedings,  and  Mrs,  Sarah  Bergmann  for  her 
assistance  at  the  meeting.  They  are  also  Indebted  to  t.he  management  of  the  Scripps  Institution  of 
Oceanography,  particularly  Dr.  William  Nlerenberg  and  Mrs,  Shlrlee  Long,  UCSD,  for  their  cooperative 
support  In  the  conduct  of  the  meeting. 
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ABSTRACT 

This  philosophy  and  directions  of  the  DARPA/AFML  Interdisciplinary  program  for  Quantitative  NDE  are 
reviewed  and  the  structure  of  this  review  meeting  is  summarized. 


Philosophy  of  Interdisciplinary  Program  for 
Quantitative  NDE 

I  would  like  to  make  a  few,  very  general, 
introductory  remarks  about  the  philosophy  of  the 
Quantitative  NDE  program  and  to  point  out  some 
Important  features  of  the  meeting  this  week. 

The  major  reason  for  developing  a  quantitative 
NDE  capability  is  so  that  strengths  or  lifetimes 
can  be  predicted  with  as  high  an  accuracy  as 
possible.  Figure  1  reviews  the  steps  that  are 
required  to  predict  lifetimes  in  metals  undor 
conditions  of  cyclic  fatigue.  The  core  of  the 
prediction  is  a  failure  model,  such  as  fracture 
mechanics.  In  order  to  apply  this,  one  typically 
needs  three  types  of  Inputs:  environmental  consid¬ 
erations,  such  as  stress  levels,  which  are  often 
determined  by  design;  material  properties  such  as 
toughness,  which  can  be  determined  from  handbooks; 
and  flaw  sizes  and  orientations.  Determination  of 
the  latter,  typically,  has  been  the  problem  area. 
That  deficiency  stimulated  the  initiation  of  the 
Quantitative  NDE  pregram  several  years  ago.  During 
this  week,  the  present  status  of  techniques  to 
determine  flaw  $l2e  and  orientation,  and  other 
input  parameters  required  by  specific  failure 
models,  will  be  reviewed. 


LIFETIME  PREDICTION 


Figure  1.  Life  prediction. 

The  meeting,  however,  does  not  focus  just  on 
the  determination  of  flaw  size  and  orientation, 
because  that  does  not  stand  by  itself.  The  results 
of  this  determination  must  be  coupled  to  the 
failure  modeling,  and  so  a  number  of  papers  will 
be  included  which  are  concerned  with  the  close 
interaction  between  nondestructive  measurement 


and  failure  modeling  in  nondestructive  prediction 
of  lifetime  or  strength. 

Figure  2  Illustrates  the  latter  point  a  little 
bit  more  completely.  What  the  ultimate  user  of 
a  material  system  wants  is  an  accept/reject 
criteria  to  tell  him  whether  he  can  accept  or 
reject  a  part.  This  can  be  required  during  the 
manufacturing  process  or  after  a  period  of  service 
life.  Such  a  decision  must  be  based  on  a  life 
prediction.  As  noted  in  Figure  1,  a  deterministic 
life  prediction  requires  three  inputs:  environment, 
material,  and  flaw  descriptors.  In  Fig.  2,  the 
former  two  have  been  combined  under  the  heading 
failure  modeling  and  the  flaw  parameters  have  been 
highlighted  by  placing  them  In  a  separate  box. 

This  is  labeled  measurement  science  and  consists 
of  inversion  techniques  whereby  flaw  parameters  are 
estimated  from  nondestructively  measured  data. 
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Figure  2.  Steps  required  to  establish  accept/ 
reject  criteria. 

In  reality,  life  prediction  can  never  be  done 
in  a  fully  deterministic  fashion.  Uncertainties 
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in  ail  of  the  three  inputs  imply  that  only  statis¬ 
tical  predictions  of  lives  car,  be  made.  In  the 
case  of  fiaw  sizing,  this  occurs  even  with  no 
measurement  error,  because  sufficient  information 
cannot  always  be  obtained  to  unambiguously  deter¬ 
mine  the  necessary  parameters.  If  independent, 
a  priori  information  about  the  flaw  state  can  be 
obtained,  this  will  allow  more  accurate  predictions 
to  be  made.  The  opportunity  to  use  such  informa¬ 
tion  is  explicitly  indicated  in  the  figure.  Many 
measurement  techniques  do  this  implicitly.  Since 
one  seldom  measures  enough  about  a  flaw  to  say 
unambiguously  what  it  is,  one  is  often  injecting 
some  experience  or  other  biassing  information 
while  interpreting  signals.  It  would  be  desirable 
to  formalize  and  quantify  this  process. 

Once  a  life  prediction  is  made  and  the 
probabilities  of  various  errors  are  defined,  one 
needs  to  use  some  sort  of  risk/benefits  analysis 
to  set  the  ultimate  accept/' reject  criteria.  This 
is  shown  at  the  bottom  of  Fig.  2.  In  building  a 
foundation  for  such  capability,  the  measurement 
sciences  aspects  have  been  emphasized  since  they 
have  been  judged  to  be  the  weakest  link.  Other 
elements  have  been  introduced  insofar  as  they  are 
needed  to  complete  this  scenario. 


Figure  3  presents  a  brief  summary  of  the  evo¬ 
lution  of  a  quantitative  ultrasonics  capability 
over  the  last  several  years.  Any  new  technology 
should  be  based  on  building  blocks  of  fundamental 
knowledge.  These  then  combine  to  produce  generic 
long  term  capabilities.  For  example,  basic 
theories  of  energy  flaw  interactions,  verified  by 
experiments,  lead  to  an  understanding  of  this 
interaction.  This  understanding,  coupled  to  in¬ 
version  theories,  leads  to  new  techniques  to 
characterize  flaws.  Finally,  if  engineering 
developing  is  added,  prototype,  and  ultimately 
on  line,  systems  result. 

EVOLUTION  OF  QUANTITATIVE 
ULTRASONICS  CAPABILITY 


BLHLDINQ  LONGTERM  APPLICATION 

BLOCKS  CAPABILITIES 


Figure  3.  Evolution  of  quantitative  ultrasonics 
capability. 


On  the  far  right  of  the  figure  are  listed 
some  specific  applications  that  have  arisen  as  a 
result  of  this  program.  Some  of  these  were  in  the 
early  days  of  the  work,  such  as  developmert  of 
new  standards  and  calibration  procedures.  More 
recently  there  has  been  applications  of  the 
NDE  of  ceramics,  measurement  of  metal  fatigue, 
and  detection  of  cracks  under  fasteners.  In 
the  systems  area,  imaging  systems,  test  beds  and 
some  EMAT  systems  have  all  been  developed.  Many 
of  these  are  ongoing  efforts  which  will  be  dis¬ 
cussed  throughout  the  meeting. 

A  new  concept  that  has  received  a  high  level 
of  attention  during  the  last  year  is  the  concept 
of  Retirment-o, ‘-Cause.  The  first  session  today 
will  discuss  the  present  effort  in  this  area. 

This  is  an  area  in  which  quantitative  techniques 
can  have  a  very  important  and  very  quantifiable 
impact  on  a  major  DOD  system. 

Structure  of  the  Meeting 

Figure  4  presents  the  program  of  the  meeting. 

A  few  remarks  about  its  organization  are  in  order. 
The  first  day  and  a  half  are  concerned  with  the 
tight  coupling  between  NDE  and  fracture  mechanics 
or  other  failure  models.  The  Retirement-for-Cause 
session  will  include  three  papers.  The  first  will 
discuss  some  specific  plans,  being  developed  by  the 
Air  Force  and  DARPA,  which  are  directed  toward 
incorporating  NDE  in  a  system  to  inspect  in-service 
turbine  disks  and  return  them  to  service  if  no  flaw 
likely  to  produce  failure  is  found.  The  success  of 
such  an  approach  depends  both  on  the  accuracy  of 
the  NDE  and  the  failure  modeling.  The  next  two 
papers  address  these  questions.  The  second  dis¬ 
cusses  evaluations  of  the  reliability  of  NDE  and 
its  coupling  to  fracture  mechanics,  and  the  third 
discusses  the  modeling  of  crack  initiation  and  use 
of  the  results  in  lifetime  predictions. 


AHPA/AF  REVIEW  OF  soo,„l 
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Figure  4.  Meeting  program. 

An  important  talk  in  the  afternoon  session  on 
coupling  of  NDE  and  failure  modeling  will  present 
a  proposed  strategy  for  NDE  of  adhesive  bonds. 

This  talk  is  the  result  of  a  planning  activity  that 
has  been  in  progress  over  the  last  year.  Since  the 
subject  is  an  old  one  that  has  thus  far  defied 
solutions,  a  significant  period  has  been  allowed 
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for  discussion.  A  broad  range  of  inputs  are 
required  to  formulate  the  best  possible  strategy. 

In  the  ceramics  session,  we  are  fortunate  to 
have  a  paper  which  was  not  in  the  program.  Bill 
Reynolds  from  the  NOE  Center  at  Harwell  in  England 
will  be  with  us,  and  he  has  consented  to  give  an 
impromptu  report  on  some  of  the  very  interesting 
microfocus  x-ray  results  fnat  have  recently  been 
obtained  at  that  laboratory. 

'  From  that  point,  about  two  days  of  technique- 
oriented  papers  will  be  presented:  ultrasonic 
imaging,,  acoustic  emission  and  material  properties 
ultrasonic  scattering  and  inversion,  and  some 
electromagnetic  techniques. 

Finally,  during  the  last  part  of  Thursday, 
application  and  test  bed  programs  will  be  dis¬ 
cussed.  These  represent  some  ongoing  programs  to 
transfer  quantitative  NDE  technology  into  practice 

This  meeting  has  always  bean  characterized  by 
extremely  positive  technical  interchanges  between 
participants  from  government,  industry,  and 
university.  This  is  a  very  important  part  of  the 
meeting.  Please  feel  encouraged  to  exchange 
thoughts  at  lunch  times,  during  poster  sessions, 
or  any  other  convenient  time. 

Closing  Comments 

It  has  always  been  important  to  receive 
feedback  on  the  directions  of  a  research  program. 

I  would  be  extremely  interested  in  receiving  any 
comments,  particularly  from  users  of  this 
technology,  regarding  areas  that  should  be 
emphasized  more  or  should  be  emphasized  less, 
and  regarding  directions  of  research  which  should 
be  pursued  to  provide  the  best  scientific  founda¬ 
tion  for  the  systems  that  are  being  developed 
for  the  future. 
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This  Is  the  film  whlf’i  we  mentioned  last 
year.  It  took  us  a  while  to  get  It  completed. 

It  Is  really  Into  management,  but  It  Is  trying  to 
explain  the  breadth  of  work  In  nondestructive 
evaluation  and  Its  Impact.  We  should  have  some 
extra  copies  of  this  film  available  for  loan  if 
people  are  Interested  In  It.  We  will  show  the 
film  and  make  some  comments  afterwards. 

(Film,  "Towards  a  Sound  Decision”  shown) 

I  just  want  to  give  you  a  little  history 
because  I  think  we  tend  to  forget  where  we  started 
from,  not  that  many  years  ago.  In  this  technology 
and  what  led  up  to  the  approach  which  Is  described 
In  the  film.  I  think  this  program  really  had  its 
origins  In  the  Air  Force.  1970  to  1972  was  a  good 
period,  particularly  1970,  when  you  had  the  crash 
of  the  Fill  and  a  major  Increase  In  concern  about 
the  safety  of  aircraft  structures.  A  lot  of 
things  changed  and,  basically,  what  happened  was 
that  there  was  the  recognition  that  nondestructive 
evaluation  or  nondestructive  Inspection  had  to 
change  from  simply  the  problem  of  detection  to  the 
problem  of  measurement  In  order  to  Incorporate 
fracture  mechanics  Into  life  prediction.  It 
changed  from  a  zero-defects  philosophy  to  a 
damage-tolerant  philosophy. 

At  that  time  there  were  certainly  a  large 
number  of  techniques  available  In  practice.  On 
the  research  area  you  found  that  almost  every 
program  was  simply  trying  to  Increase  the  sensi¬ 
tivity  of  techniques.  They  were  really  still 
pursuing  the  Idea  of  zero  defects.  There  was  no 
significant  university  research,  at  least  In  any 
quantity.  It  was  very  much  people  who  knew  NDE 
who  were  working  on  trying  to  Improve  the  tech¬ 
niques.  There  was  very  limited  funding,  and  this 
funding  was  primarily  for  rather  applied  problems. 

What  to  do  about  It  led  to  this  program, 
primarily,  and  several  others  to  really  develop  a 
scientific  foundation  for  understanding  the  Inter¬ 
action  of  energy  with  flaws  Is  the  primary  Initial 
objective  of  the  program;  to  develop  a  new 
paradigm;  that  Is,  a  new  way  of  looking  at  the 
whole  field,  a  new  level  of  understanding. 

There  were  a  series  of  workshops  to  Identify 
what  were  the  opportunities,  what  were  the  prob¬ 
lems,  to  find  people  whom  we  could  attract  out  of 
other  areas  to  work  In  this  field,  and  to  try  to 
focus  basic  research.  In  doing  that,  for  many 
reasons,  we  selected  ultrasonics  as  the  field  In 
which  to  work.  In  this  area  we  had  a  strong 
academic  base  compared  to  other  areas.  Its  ulti¬ 
mate  potential  looked  behind  us,  and  I  think  It 


probably  still  does  for  the  widest  number  of 
things.  It  1$  still  not  a  panacea. 

I  think  we  found  a  champion  In  Industry  to 
pull  the  program  together  In  Don  Thompson.  This 
was  very  Important.  In  fact,  It  Is  critical  to 
the  whole  program  of  being  able  to  have  a  core  and 
subcontractors  and  fit  In  the  pieces  In  an  envi¬ 
ronment  In  which  the  program  can  be  actually 
managed  and  not  just  the  money  allocated  based  on 
need,  which  has  been  a  problem  with  a  lot  of 
multi-disciplinary  programs. 

I  think  the  annual  open  meetings  are  very 
Important.  I  think  we  probably  would  achieve  50 
to  75  percent  of  the  progress  If  people  did  not 
have  to  get  up  here  and  explain  their  results  to 
their  peers.  I  think  having  joint  support  from 
ARPA  and  the  Air  Force  has  been  very  important, 
also.  You  need  the  stimulation  from  the  basic 
side,  and  you  need  the  pull  from  the  applied 
side.  I  think  both  of  those  working  together  have 
contributed  to  the  success  of  the  program. 

But  what  I  really  wanted  to  talk  about  was  how 
our  viewpoint  of  the  field  changed.  This  Is  sort 
of  the  Initial  model  which  we  had  when  we  started 
the  program.  I  am  speaking  simply  of  the  quanti¬ 
tative  NDE  part.  The  program  had  several  compo¬ 
nents,  but  this  was  always  about  two-thirds  of  the 
activity.  Basically,  we  said  If  we  are  going  to 
get  geometrical  Information  about  defects,  we  had 
to  worry  about  parts,  geometry,  and  transducers. 

We  could  either  Image  a  defect  or  go  Into  scat¬ 
tering  where  we  would  measure  amplitude,  phase, 
and  frequency.  From  the  scattering  theory  we  had 
developed  references,  we  could  make  comparisons, 
and  then  extrapolate  or  Infer  what  the  nature  of 
the  defect  was. 

The  program  was  Initially  structured  something 
like  this.  You  can  see  a  lot  of  the  people  have 
changed.  This  Is  about  two- thirds  of  the  program, 
the  basic  quantitative  NDE,  adhesive  bonds  and 
composites  and  strength-related  properties;  these 
together  were  about  one-third  of  the  program. 

Within  about  three  years,  the  model  had 
refined  Itself  somewhat,  basically  realizing  that 
the  data  Inversion  was  a  key  Item  here.  Compari¬ 
son  to  references  was  not  satisfactory  for  ex¬ 
tracting  the  data.  That  changed  a  lot  of  the 
theoretical  work.  There  was  still  the  forward 
scattering  problem  being  attacked,  and  the  mea¬ 
surement,  but  increasing  emphasis  on  how  do  you 
Invert  the  data.  You  see  much  more  of  that  still 
today.  That  Is  a  classic  problem.  At  first,  I 
think  the  theorists  were  scared  by  It  because  It 
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was  not  an  area  In  which  they  had  been  working, 
but  quickly  decided  this  was  a  rather  exciting  * 
problem  and  one  from  which  they  could  really  get  a 
lot. 

About  the  same  time  we  started  to  conceptually 
talk  about  the  problem  of  coupling  this  technology 
Into  life  prediction.  At  this  point.  It  was 
simply  block  diagrams.  We  were  still  just  working 
really  on  the  measurement  side.  We  said  we  had  to 
give  this  to  fracture  mechanics  somehow  and  make 
decisions.  People  were  publishing  work  on  the 
Impact  of  loss  functions,  on  the  decision-making 
process.  But  we  really  had  not  Incorporated  It 
too  much  Into  the  program. 

The  program  structure  had  changed  a  little. 
Primarily,  we  shifted  over  to  surface  flaws  as  one 
of  the  areas,  realizing  that  surface  flaws  cause  a 
lot  of  failures.  There  was  no  direct  effort  In 
that  area  In  the  program  which  also  brought  In 
electromagnetic  techniques  besides  ultrasonics. 
Advanced  materials  dealt  primarily  with  ceramics, 
but  also  Included  some  additional  work  on  com¬ 
posites  and  adhesive  bonds  at  this  point.  Then 
finally,  you  get  to  the  model  which  the  film  talks 
about  In  sort  of  gross  terms,  which  really  comes 
out  as  the  work  In  ceramics,  where  you  now  have  » 
statistical  framework  In  which  to  view  the  whole 
problem. 

I  think  that  the  point  I  wanted  to  make  Is 
that  In  six  years  our  whole  thinking  about  the 
area  has  expanded  quite  a  lot.  We  have  refined 
It.  We  have  put  a  mathematical  framework  around 
It.  I  think  it  Is  Illustrative  of  how  a  program 
like  this,  although  It  has  basically  been  one 
program,  evolves  continually.  The  areas  change. 
The  basic  goal  was  still  there,  and  that  was  to 
ensure  the  safety,  the  maximum  cost  effectiveness 
of  components  of  structures  In  service.  But  the 
technical  approach  has  evolved  In  time. 

Let  me  show  you  what  the  funding  looks  like. 
This  dotted  line  Is  where  the  program  Is  currently 
funded  through  FY  1980.  Oo  not  forget  that  before 
this  program  started  In  this  more  or  less  funda¬ 
mental  work,  I  do  not  think  you  could  have  found 
$200,000  within  DOD,  so  It  was  a  major  Increase  at 
that  point.  It  grew  rapidly. 

ARPA  Intentionally  reduced  their  funding  In 
the  1979  time  period  to  try  to  force  the  other 
services  to  get  Involved  In  the  program.  That  Is 
something  we  have  not  succeeded  In  yet,  but  we  are 
going  to  make  a  more  conscious  effort  In  the  next 
three  to  six  months.  This  dotted  line  Is  what  the 
level  of  funding  would  have  been  just  to  correct 
It  for  Inflation  for  the  next  t^ur  years.  So 
there  has  been  an  erosion  In  the  spending  power  of 
this  program  from  that  period.  That  Is  history. 

Some  of  the  things  that  I  think  we  see  for  the 
future  are  kind  of  exciting,  some  of  them  clearly 
outside  of  this  program:  certainly  the  general 
Inversion  Is  something  that  people  will  search  for 
probably  for  the  next  50  yenrs.  It  Is  almost 
Impossible,  but  we  will  get  there  closer  and 
closer  for  more  specific  cases,  and  they  will  have 
major  Impact.  If  we  can  do  something  in  radiation 
to  by-pass  the  bulk  of  accounting  statistics,  and 
allow  us  to  use  that  technique  and  cvold  all  the 
contact  problems  for  small  defects,  that  will  be 


very  powerful.  There  are  some  things  coming  along 
which  clearly  help  In  that  area. 

I  think  the  .atlgue  life  work,  which  will  be 
mentioned  during  this  program,  Is  a  tremdous 
potential.  If  we  can  ever  measure  residual 
stresses  and  particularly  the  gradient  of  stresses 
in  materials,  we  could  have  a  tremendous  Increase 
In  our  ability  to  predict  remaining  life.  Artifi¬ 
cial  Intelligence  In  the  HOE  system  Is  something 
we  have  been  talking  to  people  about  recently:  how 
to  marry  the  artificial  Intelligence  world  Into 
the  Inspection  world  and  effectively  be  able  to 
clone  the  best  of  the  experienced  Inspector  with 
the  physics  In  a  system  that  most  anyone  can 
use.  If  you  understand  artificial  Intelligence  or 
Its  basic  premise,  you  would  understand  that.  If 
not,  we  would  have  to  talk  about  it  some  more. 

In-service  NOE  and  retirement- for-cause  you 
will  hear  about  this  morning.  I  think  It  Is  a 
very  exciting  area.  It  Is  a  care  where  these 
technologies  do  have  to  come  together.  There  are 
different  levels  of  sophistication  that  are 
possible,  but  It  could  be  the  first  case  of  really 
applying  this  whole  methodology  to  real  hardware 
systems  and  use  It  to  make  decisions. 

That  Is  really  all  I  have  to  say.  It  Is  nice 
to  be  here  again  and  I  am  glad  you  could  all  make 
It.  Thank  you. 

Dr.  Joseph  Moyzls  from  the  Air  Force  Materials 
Lab  would  like  to  say  a  few  words. 

Joseph  Moyzls  (AFWAL) :  I  will  talk  very 
briefly  here,  but  I  would  like  to  bring  up  a  few 
points  that  are  of  Interest  to  the  Air  Force  in 
our  continuing  support  for  this  program.  The 
scientific  and  technical  content  of  this  program 
Is  very  high,  and  the  Air  Force  has  a  continuing 
Interest  In  such  work.  However,  many  of  the 
questions  that  we  get,  from  our  constituency  are, 
of  course,  a  little  bit  different  than  the  ques¬ 
tions  you  get  from  a  strictly  technical,  basic 
research  point  of  view. 

There  Is  a  continuing  Air  Force  interest  Indi¬ 
cated  by  the  fact  that  we  are  going  out  right  now 
on  a  three-year  extension  of  this  contract,  as 
Mike's  money  picture  showed.  There  will  be  funds 
out  in  the  future  years.  But  the  questions  I  am 
asked  about  a  program  like  this  —  and  undoubtedly 
the  other  services  will  be  asking  similar  ques¬ 
tions  If  they  are  asked  to  put  money  In  —  are 
"What  are  we  going  to  get  out  of  this?"  “How  will 
what  you're  doing  Impact  our  programs?"  and  that 
does  not  mean  back  In  1990  or  2000  when  we  are  all 
done.  That  means  what  elements  of  this  program 
that  you  have  underway  now  can  we  transition  out 
today  or  In  the  near  future?  What  little  bits  and 
pieces  of  this  program  will  fit  In  other  programs 
we  have  going?  He  have  had  some  successes  here. 

He  have  had  some  technical  possibilities  that  have 
appeared  which  have  attracted  funding  separate 
from  this  program.  For  example,  some  of  the 
electromagnetic  work,  the  wort  being  done  by  Bert 
Auld  et  al  Is  being  transitioned  out  Into  a  fund¬ 
ing  line  completely  separate  from  this  program  to 
Investigate  the  possibilities  of  using  the  ferro¬ 
magnetic  eddy  current  probe  on  practical  Air  Force 
Inspection  problems. 


5 


We  also  have  some  other  money  for  transition¬ 
ing  techniques  that  are  proven  out  In  the  test  bed 
program.  The  objective  of  this  money  Is  the  con¬ 
struction  of  a  quantitative  ultrasonic  Inspection 
module,  to  try  to  Incorporate  some  of  the  tech¬ 
niques  that  are  being  ceveloed  here,  whichever 
ones  are  applicable,  whichever  ones  we  think  can 
be  transitioned  at  the  present  time.  Into  an 
actual  module  that  can  be  linked  to  a  standard 
ultrasonic  unit  so  that  we  can  really  start  to  do 
some  flaw  sizing.  We  do  not  have  to  have  four 
decimal-place  accutacy.  In  many  cases,  a  rough 
sorting  would  help.  For  example,  where  you  hive  a 
real  Inspection  probability  curve  and  you  want  to 
reject  the  flaws  that  are  large  and  Ignore  the 
flaws  that  are  small.  It  would  be  nice  when  you 
receive  the  flaw  signal  If  you  could  Just  sort 
Into  large  and  small.  The  better  you  can  do  that, 
the  more  useful  these  techniques  we  are  developing 
will  become.  That  sorting  capability  alone  would 
be  of  Interest. 

In  that  sense,  what  we  are  Interested  In  are 
transition  Ideas.  I  would  just  like  to  ask  the 
people  here,  the  people  directly  Involved  In  the 
program  and  the  people  who  are  not,  that  when  you 
see  opportunities  for  such  transition  possibili¬ 
ties,  let  us  hear  about  them.  We  would  like  to 
hear  what  you  think  your  technique  could  do  to 
fill  a  gap  In  the  state-of-the-art  or  handle  an 
Inspection  problem  that  exists.  We  have  a  lot  of 
problems,  and  we  would  certainly  like  to  hear  your 
viewpoint  on  these  transition  Ideas. 

Let  me  make  a  suggestion  as  to  how  you  should 
communicate  your  thoughts  about  the  use  of  the 
output  of  your  work.  There  Is  a  prime  contractor, 
there  Is  ARP A,  there  Is  the  Materials  Lab.  Hope¬ 
fully,  at  a  later  time,  other  people.  When  you 
have  an  Idea,  write  It  up.  Xerox  it  and  send  It  to 
everyone  Involved  and  let  them  know  what  your 
Ideas  are.  That  way  I  think  you  are  going  to  get 
the  best  consideration  from  the  system  for  what 
you  are  doing. 

As  far  as  the  future  of  the  program  Is  con¬ 
cerned,  we  look  at  this  as  an  evolutionary 
program,  and  that  has  been  pointed  out  by  Mike 
too.  Over  time  the  people  have  changed,  the 
emphasis  has  changed.  We  see  that  going  on  In  the 
future.  No  matter  how  the  program  goes,  we  do  not 
see  a  sharp  break  either  In  personnel  or  In  con¬ 
tent,  In  this  program.  For  example,  from  the 
point  of  view  of  the  Materials  Lab,  we  would  like 
to  see  more  In  eddy  current.  We  sure  would  like 
some  good  Ideas  in  composites  NOE  that  would 
attack  real,  material  property  problems.  And 
hopefully,  we  are  going  to  hear  about  some  of  that 
later  today.  But  we  look  for  such  emphasis 
changes  to  be  made  rationally. 

The  last  thing  I  want  to  say,  while  we  are 
talking  quantitative  NDE  here,  and  that  Is  very, 
very  Important.  There  Is  something  the  Air  Force 
considers  even  more  Important.  That  Is  reliabil¬ 
ity.  Quantitative  NDE  Is  extremely  Important  to 
us,  and  we  want  to  develop  that  capability,  but  we 
absolutely  have  to  get  increased  reliability-  We 
have  to  be  able  to  find  whatever  size  flaw  we  want 
to  find  essentially  all  the  time.  Pushing  a  tech¬ 
nique  to  greater  and  greater  sensitivity  does  not 
give  that  capability  to  us  unless  we  can  get  at 
the  same  time  a  guarantee  that  the  technique  will 


find  what  It  says  It  will  find  essentially  all  the 
time.  And,  so,  when  you  do  what  you  do.  It  Is  not 
only  a  matter  of  sizing,  It  Is  a  matter  of  getting 
a  technique  that  will  do  a  consistent  job:  that 
will  read  the  same  thing  consistently  time  after 
time  on  the  same  kind  of  defect. 

I  do  want  to  point  out  that  on  Wednesday 
evening.  In  this  room,  I  am  going  to  have  a 
session  at  8:00  o'clock  when  we  are  going  to 
discuss  one  of  the  prime  Inspection  problems  In 
the  Air  Force,  cracks  In  multi-layered  struc¬ 
tures.  You  are  going  to  hear  about  another  prime 
problem,  retlrement-for-cause  this  morning.  But 
the  cracks  In  multi-layered  structures  Is  still 
with  us.  We  are  looking  at  various  techniques  In 
ultrasonics  and  electromagnetics  and  we  have  money 
available  If  anybody  comes  up  with  some  Idea  to 
attack  that  problem,  the  detection  of  flaws  around 
holes  In  multi-layered  structures.  I  have  asked 
people  from  the  contractors  who  are  presently 
working  on  this  problem  to  come  in  and  give  a  very 
short  discussion  of  what  they  are  doing,  and  they 
will  be  available  for  discussion  afterward  until 
we  all  get  tired  and  go  home.  Thank  you. 
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ABSTRACT 

An  overview  will  be  presented  of  the  military  challenge  we  are  currently  facing  along  with  our  invest¬ 
ment  strategy  for  developing  advanced  weapons  systems.  The  major  role  of  Improved  reliability  In  'educ¬ 
ing  both  the  operation  and  maintenance  costs  as  well  as  increasing  our  military  combat  capability  will  be 
examined  along  with  the  key  role  of  R4D  programs  In  meeting  future  reliability  requirements.  Finally, 
some  of  the  new  policies  we  have  Initiated  aimed  at  developing  a  more  effective  DoD  R4D  program  will  be 
presented. 


Good  morning,  Ladies  and  Gentlemen.  It  Is  a 
distinct  pleasure  for  me  to  join  with  you  In  the 
sixth  annual  DARPA/AF  review  of  progress  In  quan¬ 
titative  nondestructive  evaluation.  The  agenda 
certainly  promises  a  very  stimulating  and  tech¬ 
nically  exciting  meeting. 

I  would  like  to  provide  you  with  a  cursory 
overview  of  current  OSD  thinking  as  to  the  threats 
we  are  facing,  and  the  future  capabilities  we  are 
currently  developing.  The  role  of  Improved  relia¬ 
bility  In  both  reducing  operation  and  maintenance 
costs  as  well  as  Increasing  our  military  capabil¬ 
ity  will  be  examined  and  the  key  role  of  R4D  pro¬ 
grams  In  meeting  future  reliability  requirements 
will  be  discussed.  Finally,  some  of  the  new 
policies  we  have  Initiated  to  develop  a  more  ef¬ 
fective  R4D  program  will  be  presented. 

The  Challenge 

For  years  we  have  acknowledged  that  the  Soviet 
Union  held  a  quantitative  lead  In  military  equip¬ 
ment  but  believed  that  our  qualitative  lead  would 
more  than  compensate  for  this.  It  Is  time  to  re¬ 
examine  that  belief  and  to  reject  the  complacency 
that  went  with  It.  During  the  decade  of  the 
1970s,  the  Soviet  Union  made  a  major  advance  In 
the  development  and  production  of  defense  materi¬ 
al,  and  as  a  consequence  will  enter  the  1980's  In 
a  dramatically  different  defense  posture  than  they 
had  as  they  entered  the  1970' s. 

Their  objective  was  to  challenge  the  U.S.  lead 
In  defense  technology  while  maintaining  their  nu¬ 
merical  advantage.  They  have  had  a  remarkable 
degree  of  success  in  achieving  that  objective  by 
making  an  enormous  Investment,  and  by  maintaining 
an  unwavering  emphasis  on  technology.  The  Soviet 
Union  started  the  1970' s  with  an  annual  defense 
Investment  (RDT4E,  procurement  and  military  con¬ 
struction)  approximately  equal  to  that  of  the  U.S. 
But  they  have  Increased  at  a  steady  rate  of  four 
percent  per  year  since  then,  while  the  U.S.  In¬ 
vestment  decreased  In  real  terms  every  ye^r  until 
1975.  As  a  result,  the  Soviet  Union  Invested  over 
the  decade  about  $240  billion  (In  FY  1981  dollars) 
more  than  the  U.S.  This  differential  exceeds  the 
estimated  acquisition  cost  (In  1981  dollars)  of 
1,000  F-16s,  1,000  F-18s,  10,000  XM-1  tanks,  20 
CG-47  guided  missile  cruisers,  50  SSN  attack 
submarines,  20  TRIDENT  submarines  («1th  missiles), 
the  entire  M-X  program,  and  an  additional  $70 
billion  In  R4D. 


Generally  speaking,  they  have  used  this  In¬ 
vestment  Increment  to  produce  large  quantities  of 
equipment,  thus  maintaining  their  numerical  ad¬ 
vantage.  But  as  they  try  to  match  the  sophistica¬ 
tion  of  U.S.  equipment,  the  unit  cost  of  Soviet 
equipment  has  substantially  Increased.  For  ex¬ 
ample,  we  estimate  that  the  cost  of  their  MIG-23 
approaches  that  of  our  F-16. 

Another  Indicator  of  future  plans  Is  the  Soviet 
R4D  program.  While  our  estimates  of  Soviet  In¬ 
vestment  In  R4D  have  significant  uncertainties, 
the  evidence  Is  compelling  that  their  program  Is 
about  twice  the  size  of  ours.  We  can  make  a  fair 
evaluation  of  this  by  observing  their  test  pro¬ 
grams,  where  we  can  Identify  about  50  major  sys¬ 
tems  (ships,  submarines,  aircraft,  and  missiles) 
in  various  stages  of  test  and  evaluation.  Some  of 
these  systems  are  quite  significant.  We  can  also 
assess  some  portions  of  their  technology  programs. 
By  observing  laser  test  activity,  for  example,  we 
estimate  that  their  high  energy  laser  program  Is 
about  four  times  the  size  of  ours.  Overall,  dur¬ 
ing  the  decade  of  the  70s,  the  Soviets  Invested 
about  $70  billion  more  than  we  did  In  Defense  R4D. 
It  Is  quite  clear  that  their  R4D  program  has  had 
the  highest  priority  access  to  funds,  to  trained 
personnel  and  to  scarce  materials,  to  the  extent 
that  they  have  imposed  serious  hardships  on  their 
non-defense  Industry.  As  a  result,  their  non¬ 
defense  Industry  Is  not  competitive  In  world 
markets. 

In  summary,  we  can  see  the  Soviets  entering  the 
decade  of  the  1980s  with  a  commitment  to  compete 
In  quality  with  U.S.  weapon  systems.  A  major 
start  has  alreacty  been  made  In  that  direction, 
with  the  acceptance  of  the  much  higher  unit  cost 
Implied  by  this  commitment.  They  are  accepting 
this  Increased  unit  cost  without  decreasing  their 
traditional  emphasis  on  quantity,  simply  by  In¬ 
creasing  their  total  Investment  In  weapons  produc¬ 
tion  to  where  It  is  now  85  percent  greater  than 
ours.  That  they  plan  to  continue  this  emphasis 
throughout  the  1980s  is  made  clear  by  the  major 
increases  made  In  the  1970s  In  production  plants 
and  In  defense  RDT4E. 

Our  Investment  Strategy 

The  challenge  described  in  the  previous  section 
Is  formidable.  We  are  behind  quantitatively  In 
deployed  equipment  and  are  falling  further  behind 
because  of  disparities  In  equipment  production 
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rates.  While  we  are  still  ahead  In  defense  tech¬ 
nology,  we  are  In  danger  of  losing  that  advantage 
because  of  massive  Soviet  spending  In  defense  RSD. 
But  we  also  have  some  distinctive  advantages:  a 
superior  technological  base,  a  competitive  Indus¬ 
try  with  greater  productivity,  and  allies  with  a 
substantial  Industrial  capability.  In  order  to 
meet  the  formidable  challenge  we  face,  our  Invest¬ 
ment  strategy  must  fully  exploit  these  advantages. 

Our  overriding  near  term  need  Is  to  get  on  w'th 
the  modernization  of  our  forces.  Our  technology 
Is  of  little  use  to  our  armed  forces  when  It  Is 
not  embodied  In  operational  equipment.  Most  of 
our  ground  forces  weapon  systems  now  deployed  - 
our  main  battle  tank,  our  armored  personnel  car¬ 
rier,  our  air  defense  gun  and  missile,  our  attack 
helicopter  -  were  developed  during  the  fifties  and 
entered  production  In  the  sixties.  As  a  conse¬ 
quence  they  simply  do  not  Incorporate  current 
technology,  and  they  provide  maintenance  and  sup¬ 
port  problems  created  by  their  age. 

Fortunately,  a  new  generation  of  weapon  systems 
was  developed  during  the  seventies  and  Is  now 
ready  for  production.  This  Includes:  (1)  equip¬ 
ment  already  In  production  -  a  new  nuclear  submar¬ 
ine  and  missiles,  new  ships  and  tactical  aircraft; 

(2)  equipment  just  entering  production  -  a  new 
main  battle  tank  utility  helicopter,  laser  guided 
projectiles,  and  the  Air  Launched  Cruise  Missile; 

(3)  equipment  which  will  be  ready  for  production 
In  a  year  or  two  -  a  new  air  defense  gun,  multiple 
launch  rocket  system,  air-to-ground  missile,  and 
advanced  helicopters. 

The  DoD  Science  and  Technology  program  provides 
the  technical  foundation  necessary  for  the  devel¬ 
opment  of  new  weapons  systems  and  provides  us  In¬ 
surance  against  technological  surprise.  This 
technology  base  permits  us  to  multiply  our  force 
effectiveness  through  Improved  performance  and  to 
develop  new  technology  to  address  defense  costs, 
acquisition  barriers,  and  readiness.  Those  re¬ 
quirements  that  must  be  addressed  by  technical  so¬ 
lutions  Include:  Improved  reliability  (which  Is 
“designed- In"  and  "manufactured-ln"  not  just 
"tested- In");  life  extension  and  durability  of 
costly  military  hardware;  conservation,  substi¬ 
tution,  and  recycling  technologies  for  critical 
materials;  Increased  productivity  and  reduced 
manufacturing  costs  In  our  defense  Industrial 
base. 

The  Role  of  Reliability 

Many  of  you  are  aware  of  some  of  the  reliabil¬ 
ity  problems  we  have  recently  experienced  In  DoD. 
The  durability  and  re1 lability  problems  associated 
with  the  F-100  engine  In  the  F-15  and  F-16  aircraft 
are  currently  receiving  considerable  attention. 

In  the  procurement  and  operation  of  weapons 
systems  a  major  objective  Is  to  minimize  the  total 
life-cycle  cost  while  achieving  a  given  force  cap¬ 
ability.  Weapon  system  life-cycle  analysis  must 
be  concerned  not  only  with  life-cycle  costs  but 
also  with  the  capability  of  the  weapon  system. 

What  are  you  getting  for  the  price  you  are  paying? 

This  military  capability  Includes  a  number  of 
areas:  availability  of  the  force,  particularly  In 


terms  of  a  capability  level  achieved  at  some  date, 
the  availability  of  Individual  systems  to  conduct 
combat  missions,  the  sortie  success  of  that  weapon 
system  In  the  conduct  of  Its  mission  and  the  mis¬ 
sion  effectiveness  In  terms  of  the  design  criteria 
of  Interest.  (In  the  case  of  a  close-air-support 
mission,  for  example,  this  Includes  payload  capac¬ 
ity,  radius,  loiter  time,  maneuverability,  de¬ 
livery  accuracy,  and  survivability.)  The  design 
criteria  Is  the  component  of  military  capability 
that  Is  most  easily  addressed  during  the  develop¬ 
ment  and  acquisition  of  a  new  weapon  system.  How¬ 
ever,  our  overall  military  capability  Is  directly 
dependent  on  the  availability  and  reliability  of 
these  systems  for  performing  their  mission. 

In  order  to  Illustrate  the  importance  of  these 
Issues  I  have  chosen  to  review  with  you  some  of 
our  experiences  with  the  life  cycle  costs  and 
operational  capability  of  the  Air  Force  A-7D 
aircraft. 

There  are  obvious  problems  with  examining  a 
specific  system.  First  of  all,  no  one  system  is 
really  representative.  Thus,  It  Is  difficult  to 
generalize  any  lessons  which  might  be  learned. 
Second,  the  acquisition  process  Is  In  a  constant 
state  of  evolution  and  therefore.  It  Is  difficult 
to  discern  legitimate  similarities  between  past 
problems  and  present  procedures.  Notwithstanding 
these  difficulties,  one  way  of  Improving  upon  our 
past  acquisition  performance  Is  to  first  Identify 
the  deficiencies  In  past  programs  and  second 
evaluate  alternative  policies  In  the  "real-world" 
contexts  of  those  program  environments. 

Life  Cycle  Cost  of  the  A-7D 

A  measure  of  a  weapon's  "total  cost"  Is  the 
present  value  of  all  previous  and  forthcoming  ex¬ 
penditures  directly  related  to  the  RDTSE,  procure¬ 
ment,  and  ownership  (l.e.,  operation)  of  the  sys¬ 
tem.  Such  a  “total  cost”  Is  referred  to  as  a 
life-cycle  cost.  At  the  time  that  a  life-cycle 
cost  Is  calculated,  forthcoming  expenditures  can 
only  be  estimated,  whereas  expenditures  to  date 
should  be  measurable  with  a  fair  degree  of  accu¬ 
racy.  In  theory,  the  life-cycle  cost  measure  Is 
very  attractive  for  Indicating  the  magnitude  of 
the  potential  tradeoffs  of  resources  among  the  de¬ 
velopment,  production,  and  operating  phases  of  a 
system  In  order  to  optimize  capability  and  cost 
characteristics. 

Figure  1  presents  an  FY  1973  calculated 
projection  of  life-cycle  cost  for  the  A-7D  In 
terms  of  FY  1973  dollars.  Since  the  aircraft  was 
still  In  production  during  FY  1973,  the  life-cycle 
cost  Is  stated  In  terms  of  a  per  aircraft  cost 
rather  than  a  fleet  cost.  The  acquisition  cost  Is 
based  upon  the  total  planned  buy  (411  aircraft)  as 
of  FY  1973.  The  estimated  costs  of  ownership  are 
based  upon  the  assumption  that  the  FY  1973 
observed  average  per  unit  operating  cost  Is 
representative  of  the  ownership  costs  for  the 
duration  of  the  aircraft's  useful  life,  which  Is 
assumed  to  be  15  years. 

With  certain  assumptions  as  to  discount  rate 
and  Inflation  this  vlewgraph  shows  that  the  cost 
of  ownership  Is  approximately  30  percent  higher 
than  the  acquisition  cost.  Since  the  ownership 
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Fig.  1  A-70  15-year  life-cycle  cost  In  1973 
dollars. 

costs  are  so  dependent  on  several  unknowns.  It  Is 
sufficient  to  conclude  that  the  ownership  costs 
will  generally  exceed  the  acquisition  costs. 

Several  of  the  costs  of  ownership  are  not  very 
sensitive  to  the  reliability  and  maintainability 
of  the  weapon  system  (e.g.,  training  (TNG),  petro¬ 
leum,  oils,  and  lubricants  (POL),  and  base  opera¬ 
ting  support  (BOS)).  However,  the  largest  portion 
-  the  remaining  79  pecent  of  the  ownership  costs 
(e.g.,  operation  and  maintenance  (OSH),  depot,  and 
Investment)  -  are  very  sensitive  to  weapon-system 
reliability  and  maintainability  as  well  as  man¬ 
ning,  support,  and  deployment  decisions.  The 
base-level  OSH  costs  alone  account  for  nearly  SO 
percent  of  the  ownership  costs.  One  of  the  ele¬ 
ments  of  the  OSH  cost  which  Is  particularly  sen¬ 
sitive  to  the  weapon  system' s  reliability  and 
maintainability  Is  the  labor  cost  for  unscheduled 
maintenance  at  the  base. 


Therefore,  we  can  potentially  avoid  major 
future  costs  associated  with  weapon  systems  by 
Improving  the  reliability  and  maintainability  of 
these  systems.  Clearly  we  have  co  address  these 
Issues  both  before,  during  and  after  production  of 
weapons  systems. 


Hllltary  Capability  of  the  A-70 


The  capability  of  the  weapon  system  Is  the 
other  key  Issue  that  Is  Impacted  by  reliability 
and  again  I  would  like  to  use  the  A-70  as  an  ex¬ 
ample.  The  tactical  mission  of  the  A-70  makes  the 
number  of  combat  sorties  that  can  be  generated  per 
day  of  major  Importance  in  determining  the  mili¬ 
tary  utility  of  this  weapon  system. 


As  shown  In  Fig.  2,  even  If  no  subsystems  fall, 
there  Is  an  upper  limit  to  the  number  of  combat 
sorties  that  can  be  launched  by  the  average  air¬ 
craft  In  a  combat  day.  For  example,  for  a  two  hr 
close  air  support  mission,  about  3.3  hours  are 
needed  for  fueling,  gun  loading,  bomb  loading,  and 
prefllght  and  postfllght  Inspection;,  This  means 
that  at  most,  four  and  a  half  sorties  can  be  flown 
per  aircraft  In  a  twenty-four  hour  combat  day. 


First,  let's  focus  on  the  combat  readiness 
assessments  for  1968  and  1970.  The  1968  assess¬ 
ment  is  based  upon  LTV's  subsystem  reliability 
estimates  which  were  made  midway  through  the  re¬ 
search  and  development  phase.  As  you  can  see,  the 
contractor  estimated  that  the  A-70  could  provide 


Fig.  2  Combat  readiness  assessment  for  the  A-70. 


over  three  combat  sort1e;./day/a1rcraft.  In  1970, 
towards  the  end  of  the  test  program,  the  contrac¬ 
tor  revised  Its  subsystem  reliability  estimates, 
and  estimated  that  only  2.5  sortles/day  was  pos¬ 
sible.  At  about  the  same  point  In  time,  the  Air 
Force  made  an  Independent  estimate  of  the  subsys¬ 
tem  reliability  and  projected  less  than  a  two 
sortle/day  capability.  An  Initial  user  oriented 
operational  test  In  1970  was  also  conducted  and 
resulted  In  a  sortie  rate  of  slightly  over  one 
sortle/day. 

Now  look  at  the  1973  operational  data  In  which 
we  obtained  a  capability  of  less  than  1 
sortle/day. 

The  difference  between  the  limiting  number  of 
4.5  sortles/day  and  the  top  of  the  three  bars  Is 
totally  due  to  the  down-time  for  unscheduled  main¬ 
tenance  which  Is  Incurred  because  of  subsystem 
failures.  If  no  failures  occurred,  there  would  be 
no  unscheduled  downtime. 

Thus  far,  we  have  been  considering  this  sortie 
generation  capability  on  an  average  aircraft 
basis.  In  Fig.  3  we  will  consider  It  on  a  fleet 
basis.  If  the  aircraft,  which  were  delivered  to 
the  Air  Force,  were  as  reliable  as  the  contrac¬ 
tor's  pre-production  estimate,  then  the  fleet 
sortie  generation  capability  would  have  built  up 
according  to  the  top  curve.  The  1975  capability 
would  have  been  about  1400  sortles/day.  Of  course, 
the  actual  buildup  followed  the  bottom  curve  to  a 
1975  capability  of  about  400  sortles/day. 

Therefore,  we  obtained  In  1975  only  28%  of  the 
military  capability  that  we  had  planned  for  In 
1968. 

Clearly  there  are  many  actions  that  have  been 
taken  since  we  acquired  the  A-7D  to  Improve  the 
acquisition  process.  Me  are  continuously  striving 
to  develop  Improved  management  procedures  to  ob¬ 
tain  the  most  cost  effective  weapons  system. 

However,  there  Is  a  limit  to  the  reliability 
Improvements  we  can  obtain  from  management  and 
policy  changes  alone.  Me  have  to  develop  an  engi¬ 
neering  capability  to  "destgn-1n"  and 
"manufacture- In”  and  not  just  "test-in"  reliabil¬ 
ity.  Me  are  concerned  about  the  entire  area  of 
quality  and  with  It  the  classic  problems  of 
accelerated  testing  and  the  nondestructive 
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Fig.  3  Estimated  combat  readiness  for  the  A-7D 
fleet. 

evaluation  of  the  future  performance  of  compo¬ 
nents.  The  Department  of  Defense  needs  the 
scientific  knowledge  which  you  are  Involved  In 
developing,  and  most  Importantly  It  needs  It 
reduced  to  practice  In  manufacturing  and  main¬ 
tenance.  In  my  office  we  have  taken  several 
Initiatives  to  help  achieve  these  objectives. 

The  sustained  growth  in  the  SAT  Program  over 
the  past  three  years  has  made  possible  a  number  of 
beneficial  Initiatives  which  were  not  possible 
during  the  "undernourished"  years  of  the  early 
1970' s.  We  are  making  substantial  progress  In 
closing  the  Interfaces  between  the  Science  and 
Technology  (SAT)  Program  and  the  Advanced  Develop¬ 
ment  Programs  to  Improve  the  flow  of  technology 
toward  application.  We  are  strengthening  our  re¬ 
lationship  with  universities  In  order  to  use  the 
research  and  development  resources  of  the  academic 
community  more  effectively.  We  are  able  to  In¬ 
crease  the  pace  of  progress  In  the  research  and 
development  cycle  through  focused  Investments, 
critical  mass  funding,  multidisciplinary  attack  on 
complex  problems,  and  coupled  programs  involving 
university,  Industrial,  and  DoD  laboratory  re¬ 
search  teams  working  In  concert  to  exploit  a  high- 
payoff  opportunity  or  meet  a  military  requirement. 
The  program  being  reviewed  at  this  conference 
represents  one  of  the  best  examples  of  this  ap¬ 
proach,  and  i  believe  the  success  to  date  Is  due, 
to  a  large  degree,  to  the  strong  cooperation  be¬ 
tween  all  the  participants  In  this  Interdiscipli¬ 
nary  program.  Significant  scientific  progress  In 
NDE  has  only  recently  been  achieved  and  can  easily 
be  lost  If  real  growth  Is  not  sustained.  Continu¬ 
ity  In  policy  and  Investment  Is  the  most  Important 
Ingredient  for  building  a  defense  research  base 
which  will  provide  for  our  future  national 
security. 

To  maintain  this  technological  lead  time,  we 
are  applying  three  basic  mechanisms  within  the  SAT 
Program: 

•  Real  growth  In  funding  our  Technology 
Base; 

•  Support  to  enhance  and  exploit  our 
domestic  advantage  In  commercial 
technology  and  our  Industrial  base;  and 

•  Improved  cooperation  with  our  Allies. 


The  funding  for  the  NDE  technology  base  within 
DoD  has  Increased  significantly  over  the  last  five 
years.  Since  FY  1975  the  DoD  technology  base  for 
NDE  has  Increased  from  less  than  2  million  dollars 
per  year  to  over  six  million  dollars  per  year.  In 
addition,  the  Air  Force  has  Initiated  a  major 
Manufacturing  Technology  thrust  In  ND£  to  reduce 
this  technology  to  practice  that  has  increased 
from  no  Investment  In  FY  1975  to  almost  $4  million 
In  FY  1980  to  a  planned  expenditure  In  excess  of 
18  million  dollars  over  the  next  three  years.  The 
Army  Is  also  currently  investing  several  million 
dollars  per  year  In  Manufacturing  Technology  NDE 
programs. 

We  have  Increased  our  Interaction  with  our 
allies  in  NDE  through  bilateral  agreements,  NATO 
workshops  and  1TCP  activities.  For  example,  the 
U.S.  has  proposed  that  a  new  panel  be  established 
under  the  TTCP  materials  subgroup  to  provide  the 
necessary  framework  for  Joint  programs  and  tech¬ 
nical  exchange  between  the  member  countries  (US, 
UK,  Canada,  Australia  and  New  Zealand). 

As  you  can  see  from  Fig.  4,  the  increasing 
Investment  In  NDE  Is  still  a  very  sma'l  percentage 
of  the  total  LoD  Science  and  Technology  Program. 
However,  the  Increasing  recognition  of  the  Import¬ 
ance  of  quality  In  DoD  weapon  systems,  the  addi¬ 
tional  requirements  placed  on  NDE  by  the  desir¬ 
ability  of  using  new  materials,  design  concepts 
and  processing  methods  to  exploit  rapid  solidifi¬ 
cation  technology,  metal  matrix  and  carbon/carbon 
composites  as  well  as  ceramic  materials  clearly 
will  require  Increased  emphasis  for  advanced 


quantitative  NDE  capabilities  to  ensure 

the 

reliability  of  future  weapons 

systems. 

(Dollar*  in  Million*) 

/IC-fv*  J 

FY  1980 

FY  1981 

Research 

Service* 

467 

559 

Defense  Agencies 

91 

93 

Total  Research 

558 

652 

Exploratory  Devdopnent 

Services 

1,162 

1,405 

Defense  Agencies 

641 

66? 

Total  Exploratory  Developnent 

1,703 

2,072 

Advanced  Technology  Developments 

638 

612 

TOTAL  SCIENCE  AND  TECHNOLOGY  PROGRAM 

2,899 

3,336 

Manufacturing  Technology  (Non-RDT&E) 

158 

150 

Fig.  4  DoD  Science  and  Technology  Program 


If  you  will  continue  the  excellent  research 
progress  you  have  been  making  In  this  field  and 
focus  your  research  on  the  critical  technical 
issues  required  to  transition  this  technology  to 
the  user,  I  will  work  to  ensure  that  the  necessary 
policy  issues  are  addressed  to  provide  the  Depart¬ 
ment  of  Defense  with  the  technical  capability  to 
field  and  maintain  reliable  military  systems.  We 
must  develop  the  capability  to  "design-in"  and 
"manufacture- In"  reliability.  We  can't  afford  to 
continue  to  only  "test-1n"  reliability  with  future 
weapons  systems. 
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SUMMARY  DISCUSSION 


Oon  Thompson,  Chairman  (Ames  Laboratory):  Thank  you  very  much.  We  have  a  few  minutes  before  break  *or 
questions  and  answers. 

Ooug  Ballard  (Sandla  Laboratories):  Could  you  predict  or  project  what  percentage  of  this  downtime  for 
sorties  Is  attributed  to  electronic  gear  that  we  do  not  test  normally  by  NOE  methods?  In  other 
words,  Is  the  electronics  part  of  the  business  a  major  factor  rather  than  structural  downtime? 

Arden  Bement  (Deput.\  Undersecretary  of  Defense):  I  can't  give  you  precise  numbers  on  that,  but  I  know 
for  a  fact  that  it  Is,  especially  In  radar  systems,  such  as  the  replacement  of  traveling  wave 
tubes;  and  It  certainly  Is  a  very  significant  contributor  In  communication  systems. 

Ooug  Ballard:  Those  areas  are  traditionally  neglected  by  NOE  right  now.  Wo  don't  even  pay  any 
attention  to  them. 

Arden  Bement:  Yes,  I  agree. 

Oon  Thompson,  Chairman:  Other  questions? 

Arden  Bement:  I  might  say,  however,  during  that  era  that  this  aircraft  operated,  we  were  still  In 
vacuum-tube  technology  and  are  hoping  that  large-scale  Integrated  circuits  will  provide 
Improved  reliability  In  some  of  those  systems. 

Don  Thompson,  Chairman:  Any  other  questions?  If  not,  Arden,  we  thank  you  very  much  for  your  talk  and 
presentation. 


ENGINE  COMPONENT  RETIREMENT-FOR-CAUSE : 

A  NONDESTRUCTIVE  EVALUATION  (NDE)  AND  FRACTURE  MECHANICS 
BASED  MAINTENANCE  CONCEPT 


C.G.  Annis,  J.S.  Cargill,  J.A.  Harris,  Jr.,  M.C.  Vanwanderham 
Materials  and  Mechanics  Technology 
Pratt  A  Whitney  Aircraft  Group 
Government  Products  Division 
West  Palm  Beach,  Florida  33402 


ABSTRACT 

Historically,  cyclic  life  limited  gas  turbine  engine  components  have  been  retired  when  fVv  ieach  an 
analytically  determined  life  where  the  first  fatigue  crack  per  1000  parts  could  be  expected  By  def  1  :i 1 
tlon,  99.9%  of  these  components  are  being  retired  prematurely  as  they  have  considerable  useful  life  re¬ 
maining.  Retirement  for  Cause  Is  a  procedure,  which  would  allow  safe  utilization  of  the  full  life 
capacity  of  each  Individual  component.  Since  gas  turbine  engine  rotor  components  are  ,  ir.e  candidates 
and  are  among  the  most  costly  of  engine  components,  adoption  of  a  RFC  maintenance  phllosupny  coulJ  result 
In  substantial  engine  systems  life  cycle  cost  savings.  Two  major  technical  disciplines  must  be  dev.  i-jped 
and  Integrated  to  realize  those  cost  savings:  Fracture  Mechanics  and  Nondestruc  lv  Fvaluatlon.  i }■* -. 
paper  discusses  the  methodology,  and  development  activity  required,  to  Integrate  t ^sse  d'sr'pilnes  to 
provide  a  viable  RFC  system  for  use  on  military  gas  turbine  engines,  and  Illustrates  potential  bene f is 
of  Its  application. 


INTRODUCTION 

Historically,  methods  used  for  predicting  the 
life  of  gas  turbine  engine  rotor  components  have 
resulted  In  conservative  estimation  of  useful 
life.  Most  rotor  components  are  limited  by  low 
cycle  fatigue,  generally  expressed  in  terms  of 
mission  equivalency  cycles.  When  some  predeter¬ 
mined  cyclic  life  limit  Is  reached,  components  are 
retired  from  service. 

Total  fatigue  life  of  a  component  consists  of 
a  crack  Initiation  phase  and  a  crack  propagation 
phase.  Engine  rotor  component  Initiation  life 
limits  are  analytically  determined  using  lower 
bound  LCF  characteristics.  This  Is  established  by 
a  statistical  analysis  of  data-  Indicating  the 
cyclic  life  at  which  1  In  1000  components,  such  as 
disks,  will  have  a  fatigue  Induced  crack  of  ap¬ 
proximately  0.03  Inch  length.  By  definition  then, 
99.9%  of  the  disk',  are  being  retired  prematurely. 
It  has  been  documented  that  many  of  the  999  re¬ 
maining  retired  disks  have  considerable  useful 
residual  life.  Retirement  for  Cause  (RFC)  would 
allow  each  component  to  be  used  to  the  full  extent 
of  Its  safe  total  fatigue  life,  retirement  occur¬ 
ring  when  a  quantifiable  defect  necessitates  re¬ 
moval  of  the  component  from  service.  The  defect 
size  at  which  the  component  Is  no  longer  con¬ 
sidered  safe  Is  determined  through  nondestructive 
evaluation  (NDE)  and  fracture  mechanics  analyses 
of  the  disk  material  and  the  disk  fracture  criti¬ 
cal  locations,  the  service  cycle  and  the  overhaul/ 
Inspection  period.  Realization  and  Implementation 
of  a  Retirement  for  Cause  Maintenance  Methodology 
will  result  In  system  cost  savings  of  two  types: 
direct  cost  savings  resulting  from  utilization  of 
parts  which  would  be  retired  and  consequently  re¬ 
quire  replacement  by  new  parts;  and  Indirect  cost 
savings  resulting  from  reduction  In  use  of  stra¬ 
tegic  materials,  reduction  In  energy  requirements 
to  process  new  parts,  and  mitigation  of  future 
Inflationary  pressure  on  cost  of  new  parts. 


RETIREMENT  FOR  CAUSE  METHODOLOGY 

Philosophy  -  The  fatigue  process  for  a  typical 
rotor  component  such  as  a  disk  can  be  visualized 
as  Illustrated  In  Fig.  1.  Total  fatigue  life  con¬ 
sists  of  a  crack  Initiation  phase  foil }wed  by 
growth  and  linkup  of  microcracks.  The  'esulting 
macrocrack(s)  would  then  propagate  subcntlcally 
until  the  combination  of  service  load  (stress)  and 


Fig.  1  Total  fatigue  life  segmented  Into 
stages  of  crack  development,  sub- 
critical  growth,  and  final  fracture. 


crack  size  exceeded  the  material  fracture  tough¬ 
ness.  Catastrophic  failure  would  result  had  not 
the  component  been  retired  from  service.  To  pre¬ 
clude  such  cataclysmic  disk  (and  possibly  engine) 
failures,  disks  are  typically  retired  at  the  time 
where  1  In  1000  could  be  expected  to  have  actually 
Initiated  a  short  (0.03  In.)  fatigue  crack.  By 
definition  99.9%  of  the  retired  disks  still  have 
useful  life  remaining  at  the  time  they  are  removed 
from  service.  Under  the  Retirement-for-Cause 
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philosophy,  each  of  these  disks  could  be  Inspected 
and  returned  to  service.  The  return- to-servlce 
(RTS)  Interval  Is  determined  by  a  fracture  mechan¬ 
ics  calculation  of  remaining  propagation  life  from 
a  crack  Just  small  enough  to  have  been  missed  dur¬ 
ing  Inspection.  This  procedure  could  be  repeated 
until  the  disk  has  Incurred  measurable  damage,  at 
which  time  It  Is  retired  for  that  reason  (cause). 
Retirement  for  Cause  Is  a  methodology  under  which 
an  engine  component  would  be  retired  from  service 
when  It  had  Incurred  quantifiable  damage,  rather 
than  because  an  analytically  determined  minimum 
design  life  had  been  reached.  Its  purpose  Is  not 
to  extend  the  life  of  a  rotor  component,  but  to 
utilize  safely  the  full  life  capacity  Inherent  In 
that  component. 

Residual  Life  -  For  simplicity  this  paper  will 
consider  component  life  limits  which  have  been  de¬ 
termined  from  the  crack  Initiation  characteristics 
of  the  specific  disk  material,  and  will  not  ad¬ 
dress  the  problem  of  intrinsic  crack-lire  defects. 
While  damage  tolerant  concepts  are  utilized  In 
some  Instances  to  establish  life  limits,  the  ma¬ 
jority  of  components  In  current  gas  turbine  en¬ 
gines  have  life  limits  set  by  an  Initiation 
criterion. 

All  fatigue  data  have  Inherent  scatter.  The 
data  base  used  for  design  life  analyses  purposes 
must  be  applicable  to  all  disks  of  a  given  materi¬ 
al,  and  therefore  includes  test  results  from  many 
heats  and  sources.  Data  are  treated  statistically 
as  shown  schematically  In  Fig.  2.  The  distribu¬ 
tion  of  life,  defined  as  the  number  of  cycles  nec¬ 
essary  to  produce  a  crack  approximately  0.03  in. 
long.  Is  obtained  for  a  given  set  of  loading  con¬ 
ditions  (stress/straln,  time,  temperature).  As 
can  be  seen,  the  t2o  bounds,  which  contain  95%  of 
the  data,  may  span  two  orders  of  magnitude  In  fa¬ 
tigue  Initiation  life. 


catastrophic  failure  of  disks  In  the  field,  How¬ 
ever,  In  retiring  1000  disks  because  one  may  fall, 
the  remaining  life  of  the  999  unfailed  olsks  Is 
not  utilized.  The  amount  of  usable  life  remaining 
can  be  significant,  as  shown  In  Fig.  3,  where  over 
80%  of  the  disks  have  at  least  10  lifetimes 
remaining. 


Fig.  3  The  majority  of  disks  have  useful 
life  after  retirement. 


The  means  of  extracting  the  remaining  useful 
life  from  each  disk  must  be  safe  to  avoid  cata¬ 
strophic  failure.  This  done  by  determining  the 
disk  crack  propagation  life  (Hp)  (at  every  criti¬ 
cal  location)  from  a  defect  barely  small  enough  to 
be  missed  during  Inspection.  The  Return-to- 
Servlce  (RTS)  Interval  Is  then  calculated  by  con¬ 
ducting  a  Life  Cycle  Cost  (LCC)  analysis  to  deter¬ 
mine  the  most  economical  safety  factor  (SF)  to 
apply  to  N_  (RTS  Interval  -  N„/SF).  Cost  vs  SF  Is 
plotted  for  each  Individual  disk  and  combined  to 
determine  the  most  economical  Interval  to  return  a 
module  for  Inspection.  An  example  is  shown  In 
Fig.  4. 


Fig.  2  Material  data  scatter  results  In  con¬ 
servative  life  prediction. 

When  considered  with  ether  uncertainties  In 
any  design  system  (e.g.,  stress  analysis  error, 
field  mission  definition,  fabrication  deviations, 
temperture  profile  uncertainty)  the  final  disk 
life  prediction  Is  made  for  disk  crack  Initiation 
life  for  an  occurrence  rate  of  1  In  1000  disks. 

It  Is  at  this  life  that  all  LCF-llmlted  disks  are 
removed  from  service.  This  procedure  has  been 
very  successful  In  preventing  the  occurrence  of 


Fig.  4  Safety  factor  is  determined  from  an  eco¬ 
nomic  balance  between  high  cost  of  fail¬ 
ure  vs  cumulative  costs  of  frequent 
Inspections. 

The  first  required  disk  Inspection  is  near 
the  end  of  the  analytically  determined  crack  In¬ 
itiation  life.  Only  one  disk  In  1000  Inspected 
should  have  a  crack  and  be  retired.  The  other  999 
will  be  returned  to  service  for  the  calculated  RTS 
Interval.  This  Inspection  Is  repeated  at  the  end 
of  each  RTS  Interval  with  the  cracked  disks  being 
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Crack  Length. 


retired  and  #11  others,  returned  to  service.  Fig-  components  to  economically  utilize  the  RFC  maln- 
ure  5  Illustrates  how  the  residual  life  Is  tenance  concept, 

extracted  from  each  disk  after  the  crack  Initia¬ 
tion  life  has  been  used.  These  two  requisite  technologies  are  inte¬ 

grated  In  the  component  life  analysis. 


Fig.  5  Base  Retirement  for  Cause  concept. 


TECHNOLOGY  DEVELOPMENT  REQUIRED 

As  Figs.  4  and  5  Illustrate,  Return-to- 
Servlce  Intervals  are  based  on  two  broad  technol¬ 
ogies:  Nondestructive  Evaluation  (NOE)  and  applied 
Fracture  Mechanics,  and  evaluated  based  upon  eco¬ 
nomic  factors. 


The  fracture  mechanics  approach  to  estimating 
component  service  life  Is  based  on  the  assumption 
that  materials  may  contain  Intrinsic  flaws,  and 
that  fatigue  failure  mqy  occur  as  a  result  of  pro¬ 
gressive  growth  of  one  or  more  of  those  flaws  Into 
a  critically  sized  crack.  Thus,  the  prediction 
and  monitoring  of  crack  growth  as  a  function  of 
time  (or  cycles)  becomes  one  of  the  basic  require¬ 
ments  of  the  analysis  system,  To  utilize  such  an 
approach  In  practice  requires  quantitative  Infor¬ 
mation  on  component  stress,  materials  characteris¬ 
tics,  and  nondestructive  evaluation  (NDE)  capabi¬ 
lities.  Much  of  this  Information  cannot  be  de¬ 
fined  as  a  single  value,  but  must  be  described  by 
a  probability  distribution.  Two  examples  are:  the 
probability  that  a  flaw  of  a  given  size  will  exist 
In  virgin  material,  or  the  probability  of  finding 
a  given  flaw  size  with  a  standard  Inspection  pro¬ 
cedure.  In  order  to  obtain  a  deterministic  frac¬ 
ture  mechanics  life  prediction  (given  these  dis¬ 
tributions),  the  conventional  approach  has  been  to 
use  worst  case  assumptions  for  all  parameters. 
Employing  all  worst  case  assumptions  for  all  pa¬ 
rameters.  Employing  all  worst  case  assumptions 
(deterministic)  necessarily  results  In  a  conserva¬ 
tive  estimate  for  the  service  life  of  the 
component. 


Fracture  Mechanics  must  provide  an  assessment 
of  the  behavior  of  a  cracked  part  should  it  pass 
NOE  with  a  defect  just  below  an  Inspection  limit. 

To  assure  safe  return  to  service  of  a  part  which 
may  contain  a  small  crack,  an  accurate  crack  prop¬ 
agation  prediction  Is  imperative.  Recent  strides 
In  applied  elevated  temperature  fracture  mechan¬ 
ics1'^  have  provided  the  necessary  mathematical 
description  (models)  of  basic  propagation,  i.e., 
crack  growth  under  conditions  of  varying  loading 
frequency  (u),  stress  ratio  (R) ,  and  temperature 
(T).  Further  work5*6  has  expanded  this  capability 
to  Include  loading  spectra  synergism,  I.e.,  crack 
growth  subjected  to  (frequent)  periodic  major  load 
excursions  separated  by  a  small  number  (10-50)  of 
varying  subcycles.  It  Is  Important  to  note  that  a 
typical  mission  loading  spectrum  to  which  gas  tur¬ 
bine  engines  are  subjected  bears  little  resemblance 
to  that  experienced  by  air  frames,  and  therefore 
different  predictive  tools  are  required  for  each.7 

Referring  again  to  Fig.  5,  it  Is  seen  that 
accurate  propagation  predictions  constitute  a  nec¬ 
essary,  but  not  sufficient,  condition  for  the  Im¬ 
plementation  of  Retirement  for  Cause.  The  other 
requisite  technology  Is  high  reliability  nonde¬ 
structive  evaluation  (NDE). 

NDE  must  provide  the  means  of  screening  disks 
with  flaws  that  could  cause  component  failure 
within  an  economically  feasible  RTS  Interval.  In¬ 
sufficient  NDE  reliability  has  been  a  major  argu¬ 
ment  against  Implementation  of  an  RFC  maintenance 
program.  NDE  capability  with  acceptable  flaw  de¬ 
tection  resolution  has  been  available  for  some 
time,8*9  but  adequate  reliability  of  flaw  detec¬ 
tion  has  been  lacking.10  Complementary  Inspec¬ 
tions  and  Improvements  In  NDE  single  Inspection 
reliability  (by  automation),  can  provide  the  re¬ 
quired  reliability  for  many  gas  turbine  engine 


To  circumvent  this  difficulty,  the  problem 
can  be  treated  probabilistically.  A  closed-form 
solution,  which  takes  Into  account  all  the  re¬ 
quired  probabilities,  is  far  too  complex  to  be 
practicable.  An  alternative  solution  Is  to  employ 
computer  simulation  techniques.  A  probabilistic 
life  analysis11*12  wouia  use  a  distribution  of 
flaw  sizes.  This  type  of  analysis  results  In 
failure  probability  as  a  function  of  time,  In¬ 
cludes  NDE  reliability,  and  allows  selection  of  an 
RTS  Interval  to  obtain  an  acceptable  (low)  failure 
probability  with  realistic  NDE  reliability. 

Both  deterministic  and  probabilistic  methods 
could  provide  some  of  the  NDE  reliability  through 
multiple  Inspections  and/or  through  higher  NDE 
limits  due  to  shorter  RTS  Intervals.  Since  many 
NDC  errors  are  the  result  of  human  frailty,  multi¬ 
ple  Inspection  and  automation  can  enhance  detec¬ 
tion  reliability.  The  probabilistic  system,  how¬ 
ever,  has  the  ability  to  accommodate  NDE  rella- 
bllty  (probability  of  detection  vs  crack  length) 
distributions  and  assess  their  effect  upon  RFC 
efficiency.  Obviously,  high  reliability  NOE  Is 
desired  to  optimize  the  economic  benefits  of 
Retirement  for  Cause. 

The  RFC  Procedure  -  The  Retlrement-for-Cause  (RFC) 
flow  chart  (FTg.  6)  Illustrates  a  simplified  view 
of  how  this  maintenance  concept  can  be  utilized. 
When  an  engine  Is  returned  for  maintenance,  an 
economic  analysis  Is  performed  on  the  engine 
component/module  Identified  as  a  participant  of 
the  RFC  maintenance  program.  If  the  module  has 
already  been  In  service  for  several  Inspection 
Intervals,  the  probability  of  finding  cracked 
parts  may  be  great  enough  to  make  reinspection 
economically  undesirable  and  specific  components 
of  that  module  ate  returned  without  being  In¬ 
spected.  This  Is  u  mined  by  the  economic  an- 
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alysls  at  decision  point  one  and  Is  one  of  three 
possible  decisions.  An  unscheduled  engine  removal 
(UER)  may  bring  a  module  out  of  service  that  Is 
more  economical  to  return  to  service  for  the  re¬ 
mainder  of  Its  Inspection  Interval  than  to  Inspect 
and  recertify  It  for  a  new  full  Interval  (the  sec¬ 
ond  possible  decision  at  point  one).  The  remain¬ 
ing  choice  at  point  one  Is  to  tear  down  the  module 
and  Inspect  the  parts.  During  Inspection  there 
again  are  three  possibilities  (decision  point 
two).  If  no  crack  Is  found,  the  part  Is  returned 
to  service.  If  the  disk  Is  found  to  be  unsafe.  It 
Is  retired.  The  third  choice  Is  to  Investigate 
modification  or  repair  of  a  flawed  part.  An  eco¬ 
nomically  repairable  part  may  be  repaired  and  re¬ 
turned  to  Inspection  (decision  point  three). 


Fig.  6  Retirement  for  Cause  procedure 
flow  chart. 

AN  APPLICATION  OF  RETIREMENT  FOR  CAUSE 


The  application  of  a  Retirement  for  Cause 
maintenance  approach  to  a  military  gas  turbine 
system  has  been  studied  and  technology  development 
progams  are  currently  underway.  The  demonstration 
engine  system  Is  the  USAF  F100  engine.  Under 
Defense  Advanced  Research  Projects  Agency  (DARPA) 
and  Air  Force  Wright  Aeronautical  Laboratories 
( AFWAL )  sponsorship,  a  study  entitled  "Concept 
Definition:  Retlrement-for-Cause  of  F100  Rotor 
Components"  Contract  F33615-76-C-5172  (as  modified 
In  1979)  was  performed.  The  results  of  this  study 

are  documented  In  AFWAl-TR-80- . ,  the  final 

report  for  that  program. 

The  objective  of  the  program  was  to  determine 
the  feasibility  of  applying  a  Retirement-for-Cause 
(RFC)  maintenance  approach  to  the  USAF  FI00  en¬ 
gine.  The  study  was  directed  primarily  toward  ro¬ 
tating  components  of  that  engine,  specifically  the 
various  disks  and  alrseal s/spaces  that  comprise 
the  prime  rotor  structure.  The  technical  effort 
consisted  of  five  tasks: 


•  Evaluate  the  disks  of  the  F100  engine  plus 
other  appropriate  engine  rotor  components 
for  RFC  appl Icabll Ity 

•  Assess  nondestructive  evaluation  (NDE) 
requirements  for  Implementation 

•  Establish  a  ranking  of  components  for 
development  priorities 

•  Establish  development  plans  leading  to 
Impl  ementatlon. 

The  methodology  has  been  discussed  In  the 
preceding  section  of  this  pape^.  The  component 
evaluations  used  a  deterministic  life  analysis. 
Based  upon  this  life  analysis  and  life  cycle  cost 
analysis,  21  candidate  components  were  selected, 
and  development  priorities  established.  Nonde¬ 
structive  evaluation  requirements  were  determined 
for  each  of  the  components,  and  a  development  plan 
established,  which  when  followed  should  enable  Im¬ 
plementation  of  RFC  for  the  FIDO  engine  In  the 
1985  time  period. 

The  development  plan  Is  shown  schematically 
In  Fig.  7,  and  addresses  the  technology  develop¬ 
ment  requirements  discussed  previously.  At  the 
present  time,  many  of  these  areas  are  the  subject 
of  Government  contract  procurement  activities  and 
cannot  be  discussed  In  detail.  However,  to  Illus¬ 
trate  some  of  the  Items  which  must  be  addressed, 
typical  NDE  requirements  can  be  used  as  an 
example. 


Fig.  7  Development  plan  engine  component 
Retl rement- for-Cause . 


A  composite  sketch  of  typical  gas  turbine  en¬ 
gine  rotor  components  Is  shown  In  Fig.  8.  As  can 
be  seen,  the  configuration  of  these  components  Is 
complex  and  will  require  Innovative  techniques  to 
enable  reliable  Inspection.  Examples  of  the  types 
of  defects  which  will  require  detection  on  these 
components  are  shown  in  Fig.  9.  Techniques  cur¬ 
rently  exist,  such  as  eddy  current,  ultrasound 
and/or  penetrants  with  the  capability  to  detect 
these  flaws.  The  major  problem  to  be  solved  Is 
detecting  these  flaws  In  a  high  volume  maintenance 
environment,  and  Integrating  other  techniques, 
such  as  proof  testing.  Into  a  system  with  suffici¬ 
ent  reliability  to  enable  Retlrement-for-Cause  to 
be  economically  viable. 


•  Define  an  RFC  methodology  and  a  means  of 
assessing  the  ROI  for  Its  application 


Benefits  -  The  assessment  of  the  benefits  of  a 
Retlrement-for-Cause  maintenance  approach  to  a  gas 


Fig.  8  Composite  sketch  of  typical  gas  tur¬ 
bine  engine  rotor  components  (not  all 
features  are  on  all  parts). 


Fig.  9  Sketch  of  typical  gas  turbine  engine 
rotor  component  flaw  types. 


turbine  engine  Is  contingent  upon  many  assump¬ 
tions.  These  assumptions  Include;  fleet  size, 
anticipated  usage  rates,  usage  life,  Inspection 
Interval,  labor  costs,  parts  cost  and  many  others. 

To  quantify  the  benefits  of  this  maintenance 
concept  f  tin  USAF  F100  engine,  life  cycle  cost 
analyses  were  conducted.  These  analyses  deter¬ 
mined  the  change  In  life  cycle  costs  of  the  F100 
engine  that  could  accrue  based  upon  Implementation 
of  an  RFC  maintenance  procedure  In  January  1985  as 
opposed  to  a  continuation  of  current  or  baseline 
maintenance  practices. 


The  life  cycle  cost  benefits  amount  to  an 
approximate  $  0  million  savings  over  a  15-year 
period.  In  comparison  to  the  Investment  required, 
the  development  and  Implementation  of  RFC  are 
extremely  attractive. 

SUMMARY  CONCLUSIONS 


Realization  and  Implementation  of  a 
Retlrement-for-Cause  Maintenance  Methodology  will 
result  In  system  cost  savings  of  two  types:  direct 
cost  savings  resulting  from  utilization  of  parts 
which  would  be  retired  and  consequently  require 
replacement  by  new  parts;  and  Indirect  cost  sav¬ 
ings  resulting  from  reduction  In  use  of  strategic 
materials,  reduction  In  energy  requirements  to 
process  new  parts,  and  mitigation  of  future  In¬ 
flationary  pressure  on  cost  of  new  parts. 

The  methodology  and  procedures  described 
herein  are  applicable  to  systems  other  than  the 
F100  engine.  A  cursory  review  of  other  gas  tur¬ 
bine  engines  Indicates  that  the  RFC  maintenance 
concept  Is  generic  and  has  direct  applicability  to 
rotor  components  of  those  engines.  In  fact,  the 
methodology  has  broad  applicability  to  other  types 
of  engine  components,  and  Indeed,  to  systems  other 
than  aircraft  gas  turbine  engines.  The  decision 
to  apply  RFC  to  other  components  or  systems  would 
be  based  upon  economic  factors,  predicated  upon 
the  remaining  anticipated  service  life  of  that 
system,  and  can  be  a  viable  maintenance  concept 
for  life  limited  components  of  all  types. 

REFERENCES 


1.  Annls,  C.G.,  R.M.  Wallar',  and  D.L.  Sims,  "An 
Interpolatlve  Model  for  levated  Temperature 
Fatigue  Crack  Propagation, "  AFML-TR-76-176, 
Part  I,  November  1976,  presented  at  1977  SESA 
Spring  Meeting,  Dallas,  TX,  May  1977. 

2.  Wallace,  R.M.,  C.G.  Annls,  and  D.L.  Sims, 
"Application  of  Fracture  Mechanics  at  Elevated 
Temperatures,"  AFML-TR-76-176,  Part  II, 
November  1976,  presented  to  Air  Force 
Materials  Laboratory,  WPAFB,  OH,  May  1977. 

3.  Sims,  D.L.,  C.G.  Annls,  and  R.M.  Wallace, 
"Cumulative  Damage  Fracture  Mechanics  at 
Elevated  Temperature,"  AFML-TR-76-176,  Part 
III,  November  1976. 

4.  Sims,  D.L.,  "Evaluation  of  Crack  Growth  In 
Advanced  P/M  Alloys,"  AFML-TR-79-4160, 
September  1979. 

5.  Larsen,  J.M.,  C.G.  Annls,  Jr.,  "Observation  of 
Crack  Retardation  Resulting  from  Load  Sequenc¬ 
ing  Characteristic  of  Military  Gas  Turbine 
Operation,"  presented  at  ASTM  Symposium  on 
Effects  of  Load  Spectrum  Variables  on  Fatigue 
Crack  Initiation  and  Propagation, 

San  Francisco,  CA,  May  1979. 

6.  Larsen,  J.M.  B.J.  Schwartz,  C.G.  Annls,  Jr., 
“Cumulative  Damage  Fracture  Mechanics  Under 
Engine  Spectra,"  AFML-TR-76-4159,  September 
1979. 

7.  Annls,  C.G.,  Jr.,  "An  Engineering  Approach  to 
Cumulative  Damage  Fracture  Mechanics  In  Gas 
Turbine  Disks,"  presented  at  ASME  Gas  Turbine 
Conference,  San  Diego,  CA,  May  1979. 


16 


8.  Hyzak,  J.M.,  J.E.  Allison,  W.H.  Relmann,  "De¬ 
velopment  of  Quantitative  ND1  for  Retlrement- 
for-Cause,"  AFML-TR-78-198,  February  1979. 

9.  Cargill,  J.K.  Malpanl,  Y.W.  Cheng,  "Disk 
Residual  Life  Studies,"  AFML-TR-79-123, 
September  1979. 

10.  Lewis,  W.H. ,  et  al,  "Reliability  of  Nonde¬ 
structive  Inspections,"  SAALC/WC  76-6-38-1, 
December  1978. 


11.  Annls,  C.G.,  Jr.,  F.K.  Haake,  D.L.  Sims, 
"Probabilistic  Fracture  Mechanics  and 
Retlrement-for-C&use,"  P4WA  Internal 
communication,  to  be  submitted  for  external 
publication. 

12.  Rau,  C.A. ,  Jr.,  "The  Impact  of  Inspection  and 
Analysis  Uncertainty  on  Reliability  Prediction 
and  Life  Extension  Strategy,"  presented  at 
ARPA/AFML  Quantitative  Nondestructive  Evalua¬ 
tion,  San  Diego,  CA,  July  1978. 


SUMMARY  DISCUSSION 


Bruce  Thompson  (Rockwell  Science  Center  [now  Ames  Laboratory]):  This  community  Is  particularly 

concerned  with  techniques  that  quantify  in  some  detail  certain  of  the  flaw  parameters.  In  your 
estimation  of  $200  million  savings  In  life-cycle  costs,  what  degree  of  quantification  Is 
assumed  in  the  technique,  and  how  much  greater  could  that  be  If  you  had  more  quantification? 

Jack  Hatris  (Pratt/Whitney  Aircraft):  All  right,  I  will  now  show  you  my  Achilles  heel.  In  order  to 

conduct  these  life-cycle  cost  analyses,  we  used  a  100  percent  reliable  NOE  assumption.  We  know 
that's  not  true.  Before  you  say  that  2S0  million  Is  wrong,  we  also  used  an  extremely 
conservative  estimate  of  life.  They  tend  to  balance  each  other.  The  answer  Is  yes,  we  can  gee 
quantitative;  we  have  defined  life  from  assumed  flaw  shapes.  Quantification  of  real  flaw 
shapes  would  give  us,  I  would  say,  a  quantum  leap  in  our  accuracy  of  the  predicted  lives. 

Mike  Buckley,  Chairman  (DARPA):  I  was  curious  if  Pratt  and  Whitney  had  ever  looked  at  this  concept  In 
the  sense  of  how  It  would  impact  the  maintenance  requirements,  both  scheduled  and  unscheduled 
and,  therefore,  the  availability  of  the  engine  for  performing  its  mission. 

Jack  Harris:  We  are  in  the  process  right  now  of  an  in-depth  look  at  that  from  the  unscheduled  engine 
removal  standpoint.  We  looked  at  it  from  the  scheduled  engine  removal  standpoint  in  the 
previous  study,  but  one  of  the  ground  rules  that  we  are  operating  on  is  that  we  are  not  going 
to  let  the  forced  readiness  deteriorate  from  the  levels  at  which  it  is  currently  operating.  It 
is  not  going  to  get  worse.  The  question  that  you're  asking  me  is:  Is  it  going  to  get 
better?  I  hepe  so,  but  I'm  not  sure.  But  it  will  not  get  worse.  That's  a  given. 

Mike  Buckley,  Chairman:  You  are  also  fi::ed  by  the  current  maintenance  intervals? 

Jack  Harris:  That's  right. 

Mike  Buckley,  Chairman:  You  didn't  allow  those  to  float,  and  I  was  wondering  if  in  fact  you  had  looked 
at  that  question.  As  the  NDE  gets  better,  clearly  you  can  extend  the  interval  safely. 

Jack  Harris:  You  can  extend  the  interval  safely.  Again,  we  want  to  cause  the  least  possible  change  in 
the  current  force  structural  maintenance  effort.  So  we  have  tailored  our  Retirement-for-Cause 
concept  to  meet  those  current  inspection  Intervals.  There  are  techniques,  for  example,  proof 
testing  techniques,  that  would  enable  you  to  extend  the  intervals  on  certain  parts.  That's 
great,  but  it  doesn't  do  any  good  on  a  three-stage  fan  if  we  can  extend  the  interval  on  one 
part  to  5  times  but  we  can't  extend  it  on  the  other  part  in  the  fan  module.  We  have  still  got 
to  bring  the  module  in  at  an  interval  set  by  the  lowest  residual  life  part  in  the  module.  Yes, 
we  hope  we  will  be  able  to  extend  the  intervals  as  we  get  further  into  the  program.  That 
remains  to  be  seen.  They  won't  get  shorter  than  the  present  intervals.  By  definition,  they 
won't  get  worse. 

Joe  Moyzis  (AFWAL):  When  you  say  worse  case,  worse  case,  worse  case,  you  assume  a  hundred  percent 

reliability  in  NDE  because  what  else  can  you  do.  Talking  about  realistic  P.O.D.,  you  mean  a 
realistic  P.0.0,  in  probabilistic  fracture  mechanics;  is  that  right? 

Jack  Harris:  Yes.  What  we  hope  to  be  able  to  do  is  integrate  the  entire  NDE,  life,  and  economic 
analysis  into  one  tool  that  will  enable  people  to  make  decisions.  That  is  our  goal. 

John  Rodgers  (Acoustic  Emission  Technology  Corporation):  Taking  an  engine  you  essentially  developed 
without  Retirement-for-Cause  in  the  conceptual  design  stages,  and  you  now  have  an  operational 
system,  what  do  you  think  would  be  the  economic  benefit  if  you  would  take  a  design  criteria  and 
apply  it  to  the  F-100  today  and  redesign  the  engine  to  take  full  advantage  of  quantitative  NDE 
and  Retirement-for-Cause  analysis?  What  do  you  think  the  resulting  factoral  economic  benefit 
would  be  over  what  you  projected  in  this  conservative  situation? 

Jack  Harris:  To  be  honest  with  you,  we  can  do  that  today.  It  is  called  damage  tolerant  design,  and  it 

is  a  concept  that  a  lot  oi"  people  now  apply.  Unfortunately,  it  is  one  of  those  situations 

where  you  can't  have  your  cake  and  eat  it,  too.  The  damage  tolerant  design  concept  would 
enable  you  to,  in  effect,  design  in  Retirement-for-Cause  from  day  one.  You  can  do  it.  There 
have  been  some  innovative  techniques  come  out  our  Air  Force  aero-propulsion  lab-sponsored 
program  that  say  the  weight  penalties  are  not  going  to  be  near  what  we  thought  they  were  going 

to  be  but  there  would  still  be  weight  penalties.  Obviously,  if  the  part's  going  to  last  -  be 

able  to  sustain  a  known  flaw  for  three  overhaul  increments,  the  part  has  to  be  bigger,  it  has 
to  be  heavier,  the  stresses  have  got  to  be  lower  so  that  our  weight  penalties  -  I  wouldn't  even 
try  to  make  a  guess  at  quantifying  that  benefit.  I  think  we  are  premature  there.  I  think 
within  a  few  years  we  will  have  the  damage-tolerant  design  techniques  that  will  enable  us  to 
put  a  very  attractive  engine,  from  a  weight-performance  standpoint,  In  the  field  and  still  get 
the  benefits  of  Retirement-for-Cause. 

We  were  amazed  at  the  results  of  this  study.  We  did  not  design  the  F-100  engine  to  operate  on 
a  Retirement-for-Cause  basis.  It  was  designed  to  provide  the  maximum  possible  performance  at 
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the  minimum  possible  weight.  Consequently,  we  went  to  very  high  stresses.  We  have  gotten  the 
performance  out  of  It.  We  have  gotten  minimum  weight,  but  we  have  been  astonished  to  find  we 
can  also  use  Retlrement-for-Cause  for  a  significant  number  of  It's  parts.  Maybe  that's 
serendipity.  1  don't  known,  but  It  sure  looks  good. 

Mike  Buckley,  Chairman:  Have  you  people  worked  on  the  vlewgraphs  to  display  to  the  Air  Force  some  of 
the  disk  failures  depending  on  how  much  maintenance  and  how  many  redundant  Inspections  are 
performed  as  a  function  of  money?  Once  you  get  to  a  real  reliability  case,  you're  going  to 
have  to  accept  a  given  probability  of  failure  at  a  given  cost,  and,  of  course,  we  do  today,  but 
people  don't  like  to  admit  It.  They  still  believe  It's  a  perfect  system.  Has  ther  been  much 
thought  on  that  yet? 

Jack  Harris:  Yes.  I  think  It  would  be  premature  for  me  to  really  discuss  it,  Mike.  For  tne  benefit  of 

all  of  you  who  are  not  aware,  we  will  be  entering  very  shortly  into  a  four-year  development 

program  to  obtain  the  necessary  fracture  and  life  methodologies.  We  feel  we  have  the  firm 
foundation  for  that.  We  have  to  pull  them  together  and  Integrate  them.  That  prjgram  will 
start  momentarily,  I  hope,  and  possibly  next  year  we  might  be  able  to  discuss  that.  Yes,  we 
have  looked  at  that.  We  have  made  an  assessment  of  how  many  failures  per  thousand  or  per  unit 
might  occur  and  so  on. 

Mike  Buckley,  Chairman:  That,  of  course,  will  be  Impacted  by  the  quality  of  the  Inspection.  Procedure 
to  a  very  large  degree  and  this  Is  where,  in  many  ways,  a  reliable  system  is  a  quantitative 
system  when  you  get  right  down  to  it.  There  can  be  other  things  which  destroy  that,  but  - 

Jack  Harris:  Yes,  possibly  one  thing  that  I  may  have  glossed  over.  And  I  certainly  didn’t  do  It 

Intentionally.  We  are  looking,  as  I  said,  at  very  uniquely  located  and  oriented  flaws  In  very 

complex  configurations.  It  would  be  great  if  they  were  just  machined,  but  they're  not.  They 
come  out  of  the  field;  they  come  Into  an  overhaul  system.  They  have  oil  on  them,  they  have 
coke  on  them  In  some  cases;  they're  dirty;  they  may  have  stains  on  them;  and  you're  going  to 
have  to  handle  something  like  1,000  to  1,200  of  those  parts  a  month.  It's  a  pretty  large 
undertaking. 

Mike  Buckley,  Chairman:  Last  question,  Otto, 

Otto  Buck  (Rockwell  Science  Center  [now  Ames  Laboratory]):  Given  the  detectability  of  five  mils,  given 
a  fracture,  certain  fracture  toughness,  I  guess  that  the  design  life  is  seven  years  now  for  the 
engine? 

Jack  Harris:  The  Air  Force  likes  to  say  the  life  of  the  system,  just  like  Arden  Bement  said.  Is  15 
years. 

Otto  Buck:  What  Is  your  estimate  at  the  present  time  for  an  Inspectable  period?  How  often  would  you 
have  to  Inspect?  Roughly.  Do  you  have  any  estimates  on  those  times  at  the  present  time? 

Jack  Harris:  Currently,  you're  dealing  with  cyclically  life-limited  parts.  The  time,  In  effect, 
becomes  a  factor  of  how  many  cycles  a  part  accumulates.  If  you  project  under  the  current 
flight  accumulation  schedules  for  the  F-15  and  F-16,  It  indicates  that  you  will  accumulate  a 
maximum  of  12,600  cycles  in  a  15-year  time  frame.  Beyond  that,  I  would  say  I  would  have  to  do 
some  back-of-the-envelope  calculations. 

Otto  Buck:  Two  years? 

Jack  Harris:  Figure  it  out.  Divide  15  Into  12  and  figure  how  many  cycles  a  year. 

Mike  Buckley,  Chairman:  The  Intervals  are  established  by  cycles  and  they  are  currently  set. 

Jack  Harris:  And  equivalent  to  some  service  usage.  Maybe  three  years,  for  example. 

Unidentified  Speaker:  You  said  39  tons  of  cobalt.  How  many  engine  disks  Is  that? 

Jack  Harris:  How  many  engine  disks  Is  that?  It  Is  anticipated  that  before  the  last  F-100  engine  Is 
retired  and  melted  down,  there  will  be  somewhat  In  the  neighborhood  of  7-  or  8,000  of  these 
engines  In  the  free  world,  maybe  a  few  of  them  In  the  unfree  world.  But  If  you  look  at  that, 
and  you  just  figured  how  many  of  these  disks,  14-  15,000  nickel-based  disks,  you're  talking 
about  a  high  percentage  volume  of  cobalt.  I  can't  remember  the  exact  percent,  but  it's  greater 
than  10  percent  by  weight  In  each  one  or  these  disks.  You  work  back,  and  that’s  how  they  come 
up  with  39  tons. 

The  alloys  we're  looking  at  are  titanium  6246  waspaloy,  astroloy  and  IN-100.  The  latter  three 
are  all  cobalt-bearing  alloys. 

Otto  Buck:  As  far  as  I  know,  the  materials  people  right  now  are  trying  to  make  an  effort  to  take  the 
cobalt  out  of  the  super  alloys,  which  will  help,  too. 
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Jack  Harrj*perTj^gy5r|nj1Jgyefopethe,1proCess1ngnitoUgetrthCT  to  llu1va1eStWltren?ths!bor\o°reduce  the 
amount  of  cobalt  used  per  a  given  component  by  new  forging  techniques.  Net  shape  forging, 
example,  and  a  lot  of  those. 

Mike  Bucxlev.  Chairman:  Thank  you  very  nuch.  Jack. 


INTEGRATION  OF  NONDESTRUCTIVE  EXAMINATION  RELIABILITY  AND  FRACTURE  MECHANICS 


L.  Becker  and  S.  Doctor 
Battelle  Pacific  Northwest  Laboratories 
Richland,  Washington 


ABSTRACT 

In  evaluating  the  Integrity  of  a  system  using  fracture  mechanics  analysis,  It  Is  necessary  to  know 
the  maximum  size  of  flaws  which  are  likely  to  be  present.  The  effectiveness  In  reliability  of  non¬ 
destructive  examination  techniques  are  used  to  establish  the  probability  of  detection  curves  for  different 
types  of  flaws  and  for  different  flaw  characteristics,  l.e.,  size,  shape,  orientation,  tightness, 
roughness  and  location.  This  Information  on  flaws  must  be  known  In  order  to  ensure  the  systems  Integrity. 
The  U.S.  Nuclear  Regulatory  Connilsslon  has  Instituted  a  research  program  to  establish  the  effectiveness 
and  reliability  of  ultrasonic  In-service  Inspections  performed  on  light  water  reactor  primary  typing 
systems.  This  paper  describes  the  results  obtained  to  date  and  proposed  methods  of  evaluating  Inspection 
reliability.  A  method  has  been  developed  for  evaluating  Inspection  reliability  based  on  the  measured 
variability  of  the  Inspection  process.  Estimates  of  the  current  level  of  Inspection  reliability  have  been 
made.  Efforts  are  currently  In  progress  to  verify  the  results  of  these  predictions  and  the  effectiveness 
of  the  predictive  model. 


SUMMARY  DISCUSSION 


Bruce  Thompson  (Rockwell  Science  Center  [now  Ames  laboratory!):  I  have  two  questions.  The  first  one: 

It  seems  to  me  that  the  data  you  showed  and  what  you're  going  to  get  out  of  the  round  robin  Is 
sort  of  the  same  thing.  Was  it  the  initial  experiment  you  did  that  helped  to  structure  the 
round  robin  the  most  optimal"'*? 

Steven  Doctor  (Battelle  Northwest):  That  Is  right.  Number  one,  you  have  to  be  able  to  grow  cracks  in  a 
known  fashion  because  statistical  design  says  that  I  want  to  measure  a  given  size  of  crack. 

You  don't  want  cracks  scattered  all  throughout  the  different  sizes  because  then  you  don't  have 
a  good  measure  at  a  particular  crack  size.  There  are  number  of  things  like  that  that  Influence 
why  we  did  all  this  preliminary  work. 

Number  two,  we  wanted  to  come  up  with  some  kind  of  a  beforehand  estimate  as  to  the  range  of 
variations.  So  this  also  Impacted  the  statistical  design. 

Bruce  Thompson:  The  second  question  Is:  It  would  seem  that  ultimately,  at  least  as  pertains  to  the 
crack  orientation  parameters,  roughness,  and  so  forth,  you  would  like  to  be  able  to  use  some 
sort  of  a  theoretical  basis  to  predict  those  variations,  particularly  as  you  come  into  new 
geometries  and  so  forth  and  so  on;  and  I  guess  that's  one  of  the  things  that's  being  addressed 
In  this  program.  Do  you  have  any  comments,  guidance,  or  whatever  In  If  you  think  that  would  be 

a  useful  thing?  And,  If  so,  how  you  see  things  being  vectored  to  reach  that  purpose? 

Steven  Doctor:  I  think  it  Is  useful  In  the  sense  that  right  now  we're  trying  to  find  Improved 

procedures.  The  better  we  understand  the  scattering  form  for  flaws  that  are  not  vertical  but 
are  off  at  some  mlsoriented  angle,  the  better  we  can  come  up  with  an  Improved  procedure  that 
has  some  defense.  Right  now,  the  existing  code  doesn't  really  have  any  defense.  It  Is  a  bunch 
of  work  that  people  have  done,  but  it  has  not  been  thorough  enough  and  has  not  been  understood 
well  enough.  That  Is  the  reason  we  have  an  inadequate  code  section  11  right  now. 

So,  yes,  I  am  all  for  that;  and  I  think  Its  important.  If  it  can  be  done  In  a  timely  fashion 

to  support  this,  more  power  to  It.  I  would  like  to  see  that  kind  of  effort  Integrated  in.  The 

sooner  it  can  happen,  the  better  off  we're  going  to  be  because  with  this  kind  of  lack  of 
credibility  as  far  as  I.S.I.  is  concerned,  the  sooner  we  can  turn  that  around,  the  better  the 
acceptance  of  the  American  public  to  nuclear  reactors.  Since  we  haven't  been  able  to  find 
manyklnds  of  flaws  with  I.S.I. ,  we  can't  really  justify  a  program  to  detect  and  prevent 
failures  as  they're  happening,  on  the  basis  that  we  are  going  in  to  try  to  figure  out  how  to 
detect  them. 

Dick  Berry  (Lockheed):  Who  are  the  participants  going  to  be  on  this  round  robin?  Secondly,  wasn't 
there  a  previous  round  robin  that  EPRI  sponsored  a  while  back? 

Steven  Doctor:  The  question  in  regard  to  the  previous  round  robin,  I  don't  know.  I  know  there  are  some 
engineering  evaluations  of  advanced  techniques  that  have  been  going  on,  but  I  don't  know  of  an 
evaluation  of  ASME  code  procedure  requirements. 

Unidentified  Speaker:  Only  RP-605.  That  was  part  of  the  round  robin. 

Steven  Doctor:  You're  right.  That  was  a  plate  that  originally  started  out  with  Babcock  and  Wilcox. 

They  put  In  a  number  of  different  defects  that  were  welded  in  place,  and  this  plate  was  sent 
around  then  to  a  number  of  researchers  within  the  U.S.  and  also  over  In  Europe.  However,  a 
final  report  on  that  effort  has  not  been  published. 

There  are  actually  seven  groups.  They  are:  NES  (Nuclear  Energy  Services),  Southwest  Research 
Institute,  Peabody,  General  Electric,  Westlnghouse,  Lambert,  McGill,  and  Thomas.  There  is  one 
other  one. 

Otto  Buck:  (Rockwell  Science  Center  [now  Ames  Laboratory]):  Can  you  say  something  If  you  look  at  cracks 
-  does  mode  two  -  are  you  balled  for  difference  in  crack  geometries  like  mode  two  cracks,  mode 
one  cracks,  branched  cracks.  Did  you  take  those  things  Into  consideration  In  your  work? 

Steven  Doctor:  I'm  not  sure  what  you  mean  by  mode  one  and  mode  two. 

Otto  Buck:  A  shear  mode  kind  of  crack,  crystal logrphlc  crack,  for  Instance,  which  Is  one  that  Is 
perpendicular  to  the  tri-axis,  more  roughness  and  more  opening  than  In  a  shear  mode. 

Steven  Doctor:  Well,  In  regard  to  the  data  base,  the  bending  fatigue  cracks  are  quite  smooth  and  quite 
open.  The  thermal  fatigue  cracks,  we  don’t  have  as  much  control  over  those.  They  tend  not  to 
all  lie  In  a  plane,  and  they  tend  to  be  very  rough;  and  sometimes  you  do  get  some  end  effects 
and  discontinuities  and  things  like  this,  so  they  are  somewhat  of  a  collage.  If  you  will,  of 
all  the  bad  things.  They  don't  tend  to  splinter  up  like  an  IGSCC  does,  however.  They  don’t 
give  you  large  amount  of  branching. 
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G.J.  Posakony  (Battelle  Northwest):  One  of  the  Important  things  to  recall  on  the  slides  that  were  shown 
-  we  often  talk  of  probability  of  protection.  Steve  was  talking  of  probability  of  recording 
level.  It  may  well  have  been  detected,  but  In  accordance  with  the  code  requirement.  It  was  not 
reportable.  Consequently,  the  statistic  says  It's  a  zero  Instead  of  a  positive,  and  It  really 
affects  the  curves.  It  affects  our  ability  to  9et  data  that  we  can  then  translate  to  other 
people  saying  what  our  reliability  of  detection  Is,  or  reliability  of  Inspection.  Very 
dramatic  Influence,  though,  on  what  the  code  says  we're  going  to  do  versus  that  which  Is  really 
seen  from  the  Instrumentation. 

Mike  Buckley,  Chairman  (DARPA):  Thanks  very  much,  Steve. 


REMAINING  FATIGUE  LIFETIME  PREDICTION  FOR  RETIREMENT-FOR-CAUSE  IN  METALS 


W.  L.  MORRIS,  M.  R.  JAMES  AND  0.  BUCK 
ROCKWELL  INTERNATIONAL  SCIENCE  CENTER 
THOUSAND  OAKS,  CA  91360 


ABSTRACT 


A  methodology  Is  evaluated  to  predict  the  probability  of  specimen  failure  with  subsequent  fatigue, 
after  a  short  surface  crack  has  been  detected  In  A1  2219-T851  alloy.  Cracks  are  detected  and  tracked  to 
failure  using  optical  microscopy.  Predictions  of  remaining  lifetime  distributions  are  made  with  a  Monte 
Carlo  procedure  In  conjunction  with  growth  laws  which  model  the  effect  of  grains  of  differing  size, 
shape  and  crystallographic  orientation  In  the  crack  path  on  propagation  rate.  Because  the  surface  of 
the  alloy  cyclically  hardens,  the  average  rate  of  crack  growth  Is  less  for  cracks  formed  later  during 
fatigue.  The  predictive  methodology  successfully  describes  this  phenomenon,  as  well  as  predicts  the 
probability  of  early  failure  arising  from  the  statistical  nature  of  the  growth  process,  for  failure 
probabilities  substantially  smaller  than  conveniently  measureable  In  the  laboratory. 


INTRODUCTION 

The  philosophy  of  Retl rement-For-Cause  (RFC) 

Is  to  derive  the  optimum  use  from  expensive  high 
performance  components  by  retain !ng  them  In 
service  until  failure  by  fatigue  Is  potentially 
imminent.  This  Is  accomplished  by  Inspection  of 
each  component  at  Intervals  to  detect  and  size 
cracks  which  may  have  developed.  A  remaining 
lifetime  prediction  methodology  Is  then  employed 
to  decide  how  much  longer  the  component  may  safely 
be  used.  Of  special  concern  In  developing  an  RFC 
strategy  Is  the  statistical  nature  of  the  crack 
growth  process,  which  may  lead  to  failures  In 
service  substantially  earlier  than  observable  in 
testing  small  numbers  of  laboratory  specimens.1*^ 
Unexpectedly  early  failures  are  most  likely  If  the 
critical  crack  size  Is  small,  so  that  the  growth 
of  short  cracks  dominates  the  statistics  of 
failure.  In  this  case  small  variations  In  alloy 
microstructure  from  component  to  component  can 
affect  growth  rates  and  hence  remaining  life¬ 
time.3*'  In  low  cycle  fatigue  early  failures  can 
also  occur  for  a  large  critical  crack  size  and 
arise  from  linking  of  multiply  Initiated  cracks, 
some  of  which  may  have  gone  undetected  during 
Inspectl on. 


The  surface  of  aluminum  alloys  cyclically  hardens 
during  fatigue,  which  reduces  the  rate  at  which 
short  surface  cracks  propagate  across  grain 
boundaries.  Consequently  Isolated  cracks. 
Initiated  early  during  high  cycle  fatigue, 
propagate  more  rapidly  on  an  average  than  cracks 
initiated  later.  The  hardening  Is  ro  environmen¬ 
tally  enhanced  phenomenon  which  essentially 
disappears  for  fatigue  In  dry  as  opposed  to  In 
humid  air.  In  low  cycle  fatigue,  on  the  other 
hand,  crack  coalescance  Is  more  likely  for  cracks 
Initiated  later  In  lifetime  because  the  density  of 
cracks  Is  larger.  Thus,  the  probability  of  early 
fatigue  failure  for  both  high  and  low  cyclic 
stress  amplitudes  Is  sensitive  to  the  load  history 
prior  to  detection  of  a  crack,  as  well  as  to  the 
number  of  cycles  applied  after  a  crack  has  been 
detected.  These  phenomena  are  Investigated  both 
experimentally  and  by  computer  simulation. 

Because  the  detected  crack  size  and  post  detection 
loading  amplitudes  are  well  known,  our  predicted 
probability  of  early  failure  defines  a  lower  bound 
to  the  scatter  in  remaining  lifetime  that  would  be 
expected  In  service  for  constant  amplitude 
loading. 

EXPERIMENTAL  PROCEDURE 


Recent  advances  In  modeling  of  the  effect  of 
alloy  microstructure  on  the  growth  of  short 
surface  cracks  In  aluminum  alloys  makes  It 
practical  to  consider  calculating  the  probability 
distribution  of  remaining  lifetime  once  a  short 
crack  has  been  detected.  In  this  paper  we 
evaluate  this  procedure  by  comparing  experimen¬ 
tally  measured  failure  probabilities  to  those 
predicted  from  the  alloy  nricrostructure.  Surface 
cracks  In  fatigue  specimens  are  detected  and 
tracked  to  "failure1  using  optical  microscopy. 
Crack  growth  laws  which  relate  the  rate  of 
propagation  to  the  size,  shape  and  crystallo¬ 
graphic  orientation  of  gralrs  In  the  crack  path 
are  used,  In  conjunction  with  a  Monte  Carlo 
technique,  to  obtain  predicted  probabilities  of 
failure  with  additional  fatigue  after  detection  of 
a  crack  of  a  pre-determlned  size.  Cycles  to 
failure  are  calculated  for  failure  probabilities 
as  small  as  10-4  and  predicted  and  experimentally 
measured  failure  probabilities  are  compared  for 
probabilities  in  the  range  of  0.03  to  0.5. 


Flexural  fatigue  specimens  (Fig.  1)  of 
A1  2J19-T851,  with  a  yield  strength  a  3  350 
MN/nr,  were  prepared  by  machining  with  progres¬ 
sively  decreasing  cutting  depths  (ending  with 
20  urn)  to  minimize  residual  surface  stresses. 

80  urn  of  additional  material  were  then  removed 
from  each  surface  using  600  grit  emery  paper,  and 
a  final  polishing  sequence  with  AloOj  powder  was 
used  to  give  specimens  a  mirror  like  surface 
finish  for  ease  of  crack  length  measurement. 
Repeated  thickness  measurements  were  made  during 
polishing  to  maintain  flatness  and  final  specimen 
thickness  was  0.1422  cm  i  .0003.  The  resulting 
residual  surface  stress,  measured  by  X-ray 
diffraction,  was  less  than  20  MN/n r. 


Specimens  were  fatigued  In  stroke  control  In 
laboratory  air  with  fully  reversed  loading  at  a 
frequency  of  5Hz.  Two  maximum  stress  amplitudes 
(omax)  *ere  used  with  =  °-63  or 
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FLEXURAL  FATIGUE  SPECIMEN 
GEOMETRY 


Fig.  1  Flexural  fatigue  specimen,  Illustrating 
location  of  surface  cracks  which  have 
been  seeded  using  Ink  dots. 


crack  lengths.  A  bending  jig  was  used  to  load  the 
specimen  surface  In  tension  for  Improved  crack 
resolution  during  measurement. 

Characterization  of  early  failure  requires 
that  lifetime  for  the  growth  of  large  numbers  of 
cracks  be  determined.  At  the  lower  stress  ampli¬ 
tude  the  density  of  grain  sized  surface  cracks 
Initiated  In  A1  2219-T851  Is  extremely  small, 
however.  Experimental  values  are  approximately 
0.01/qr  after  1.6  x  104  fatigue  cycles  and 
0.2 /cur  after  4.  x  104  fatigue  cycles.  He  dis¬ 
covered  that  a  small  dot  of  Ink  from  a  felt  tip 
pen  placed  on  the  specimen  surface  during  fatigue 
greatly  accelerated  the  rate  of  crack  Initiation, 
provided  that  the  Ink  remained  liquid  during 
fatigue.  The  mode  of  crack  Initiation  was 
unchanged  by  this  procedure.  Cracks  could  be 
seeded  at  any  point  dkirlng  fatigue  by  delaying 
application  of  the  Ink  until  the  specimen  had  been 
prefatigued  a  desired  amount.  Our  procedure  was 
to  apply  Ink  dots  of  approximately  50  urn  In  dia¬ 
meter  along  a  line  with  separation  between  dots  of 
several  millimeters-  After  5  x  103  fatigue  cycles 
the  Ink  was  removed  using  an  acetone  solvent  and 
5  x  103  additional  cycles  were  applied  to  grow  the 
v  cracks  to  grain  size.  Growth  rates  after  removal 
’  of  the  Ink  were  apparently  the  same  as  on  un- Inked 
specimens,  and  we  therefore  believe  that  this  pro¬ 
cedure  leaves  subsequent  growth  behavior 
unaltered. 

Using  this  technique  we  were,  able  to  Initiate 
numerous  microcracks  within  a  desired  range  In 
fatigue  cycles.  Our  goal  was  to  characterize  the 
growth  of  cracks  of  a  specific  length  formed  by  a 
specific  number  of  fatigue  cycles.  What  happens 
In  practice,  of  course,  Is  that  most  of  the  early 
crack  growth  Is  arrested  by  grain  boundaries;  with 
the  result  that  a  distribution  In  crack  lengths  Is 
observed,  governed  by  the  distribution  In  grain 
sizes.  To  obtain  sufficient  data  for  reasonable 
statistics,  we  analyzed  the  growth  of  cracks  with 
Initial  lengths  of  80i30  um.  The  new  length  of 
each  crack  after  each  progressive  fatigue  Incre¬ 
ment  was  plotted  against  Its  Initial  length  at  the 


Fig.  2  New  lengths  (solid  dots)  of  16  cracks  are 
plotted  for  1,2  and  3xl04  cycles  after 
detection  at  l.OxlO4  cycles,  against  their 
Initial  length.  Interpolation  procedure 
Illustrated  (open  circles)  In  top  figure 
Is  used  to  construct  an  effective  distri¬ 
bution  In  crack  lengths  corresponding  to 
cracks  Initially  80um  In  length. 


first  fatigue  Increment  (104  cycles)  (Fig.  2).  A 
linear  Interpolation  of  these  data  was  used  to 
construct  an  effective  distribution  In  lengths  for 
each  fatigue  Increment  that  approximates  the  dis¬ 
tribution  expected  If  all  the  cracks  were  Ini¬ 
tially  80  um  In  length  (Fig.  3).  This  procedure 
compensates  for  the  tendency  of  the  average  growth 
rate  to  Increase  slightly  with  a  larger  Initial 
crack  length. 

Morris  has  shown  that  the  growth  rate  of  short 
surface  cracks  in  aluminum  Is  Influenced  by  non- 
continuum  constraints  of  the  plastic  zone  size  at 
the  surface,  caused  by  the  grain  boundaries.'  As 
crack  lengths  reach  approximately  500  um,  the 
boundaries  can  no  longer  constrain  slip  and  the 
plastic  zone  size  expands  to  a  size  determined  by 
continuum  constraints.  Thus,  the  statistical 
effect  of  microstructure  on  growth  rate  Is 
expected  to  be  of  major  Importance  when  the  creeks 
are  short.  Growth  to  a  critical  crack  size  beyond 
600  um  adds  to  the  lifetime  but  does  not  substan¬ 
tially  Increase  the  scatter  In  remaining  lifetime, 
unless  crack  coalescence  is  Involved.  Addition¬ 
ally,  the  numbers  of  cycles  to  failure  after  500 
um  Is  very  sensitive  to  specimen  geometry,  and  for 
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PSOBASIJTY  OF  OCCURRENCE.  % 


Fig.  3  Probability  of  occurrence  of  cracks  of 
length  smaller  than  specified  for  five 
Increments  In  fatigue,  after  detection  of 
crac';s  80pm  In  length  after  lOxltr  fatigue 
cycles. 


Instance,  would  be  a  small  fraction  of  the  total 
lifetime  for  smooth  bar  specimens.  We,  therefore, 
define  "failure"  for  our  experiments  to  have 
occurred  for  a  given  crack  when  It  reaches  500  pm 
In  length.  The  cycles  required  to  reach  this 
length  for  each  crack  Is  determined  by  a  linear 
Interpolation  between  fatigue  Increments  as  the 
length  passes  500  pm.  Only  the  faster  growing 
cracks  can  be  characterized  with  our  technique  as 
shadowing  of  short  cracks  by  neighboring  long 
cracks  further  suppresses  the  rate  of  growth  of 
the  shorter  cracks.  Furthermore,  the  specimen 
ultimately  falls  before  all  the  cracks  being 
tracked  can  reach  500  pm.  The  experimental 
method,  therefore,  Is  useful  to  determine  frac¬ 
tional  probabilities  of  failure  slightly  larger 
than  the  reciprocal  of  the  total  number  of  cracks 
initially  seeded. 


RESULTS 


Remaining  specimen  fatigue  lifetime  is  fre¬ 
quently  determined  by  growth  of  the  first  and 
largest  crack  detected.  This  Is  not  always  the 
case,  however,  as  statistical  fluctuations  in 
growth  rate  can  lead  to  failure  from  propagation 
of  a  crack  Initiated  at  a  site  unrelated  to  the 
main  detected  crack.  The  probability  of  occurr¬ 
ence  of  such  Initially  undetected  Independent 
Initiations  Increases  with  both  specimen  surface 
area  and  with  cyclic  stress  amplitude.  Our 
experimental  procedure  determines  probable  remain¬ 
ing  lifetime  where  growth  of  a  detected  single 
crack  determines  the  lifetime.  This  Is  a  zero 
surface  area  limiting  case.  For  comparison,  later 
we  calculate  the  probability  of  remaining  lifetime 
for  a  non-zero  surface  area  case,  In  which  cracks 
unrelated  to  the  main  crack  may  participate  In 
specimen  failure. 


Probable  remaining  fatigue  lifetime  (zero 
surface  area  limit)  results  for  the  offlax  »  0.63 
°vdeld  case  are  s^°*n  ln  Fl9*  4*  Three  cases  are 
Illustrated  corresponding  to  80  pm  cracks  Initia¬ 
ted  at  10K,  25K  or  40K  cycles.  The  probability  of 
failure  Is  plotted  as  a  function  of  additional 
cycles  to  failure.  The  data  points  are  experl- 
mental  whereas  the  curves  are  theoretical  predic¬ 
tions  obtained  using  growth  models  discussed 
later.  The  trend  Is  for  cracks  Initiated  earlier 
In  fatigue  lifetime  to  grow  more  rapidly  on  an 
average.  This  Is  entirely  the  result  of  a  pro¬ 
gressive  hardening  of  the  surface  which  makes  It 
more  difficult  for  the  short  surface  cracks  to 
propagate  across  grain  boundaries  later  In  the 
lifetime. 


Fig.  4  Additional  cycles  to  "failure"  after  an 
80pm  long  crack  has  been  detected  at  10, 
25,  or  40xl0J  cycles,  for  a  peak  stress 
amplitude  om-x  *  0.63  °yiel<T  Increased 
mean  In  remaining  lifetime  for  later 
Initiated  cracks  Is  due  to  cyclic  harden¬ 
ing  of  the  surface.  Symbols  are  experi¬ 
mental  data,  curves  are  computer 
predictions. 


Probable  remaining  fatigue  lifetime  (zero 
surface  area  limit)  results  for  the  o]flax  »  0.9 
0y1eld  case  are  Illustrated  in  Fig.  5.  The  addi¬ 
tional  cycles  to  failure  are  plotted  for  cracks 
initially  of  200  pm  in  length  detected  at  5K  or 
10K  cycles.  Again  "failure"  Is  defined  to  occur 
as  the  crack  length  reaches  500  pm.  In  this  case 
crack  coalescence  dominates  the  growth  of  cracks 
Initiated  at  10K  cycles  leading  to  average  growth 
rates  faster  than  cracks  formed  at  5K  cycles. 

MODELING  AND  DISCUSSION 


The  rate  of  growth  of  short  surface  cracks  In 
A1  2219-T851  Is  controlled  by  the  size,  shape  and 
crystallographic  orientation  of  grains  In  the  path 
of  the  crack.  As  a  surface  crack  tip  approaches  a 
grain  boundary,  slip  begins  Into  the  next  grain. 
Growth  stops  at  that  point  on  the  crack  front  for 
a  period  of  Incubation  during  which  a  nature 
plastic  zone  develops  In  the  new  grain.  The 
duration  of  Incubation  Is  longer  tbe  smaller  the 
grain  and  the  shorter  the  crack.  *°  Progressive 
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Fig.  5  Probability  of  failure  with  additional 
cycles  after  a  200nm  crack  has  been 
detected  for  high  cyclic  stress  ampli¬ 
tude.  Crack  coalescence  for  omax  * 

0.90  °yield  accelerates  average  growth 
rate  and  is  Important  for  later  (10  x  103 
cycles)  Initiated  cracks,  for  which  the 
density  of  surface  cracks  producing 
coalescence  Is  larger. 


cyclic  hardening  of  the  surface  reduces  the 
propensity  for  slip  Into  the  new  gr  In,  Increasing 
the  Incubation  period  for  cracks  encountering  , 
grain  boundaries  later  In  the  fatigue  lifetime. 

At  sufficiently  low  stress  amplitudes  the  duration 
of  Incubation  essentially  determines  the  average 
growth  rate.  Transgranular  propagation  Into  the 
new  grain  begins  when  sufficient  deformation  has 
been  accumulated  to  satisfy  a  critical  strain 
energy  density  criterion  for  propagation. '*°  The 
rate  of  subsequent  crack  growth  within  the  new 
grain  Is  determined  by  closure  stress  developed  at 
the  surface  crack  tip.  In  the  event  that  the 
subsequent  growth  Is  crystallographic,  slip  Is 
principally  In  the  plane  of  the  crack,  the  closure 
stress  Is  small  and  the  growth  rate  Is  compara¬ 
tively  rapid.  If  subsequent  growth  Is  trans¬ 
granular  and  non-crystallographlc,  the  closure 
stress  Is  proportional  to  the  grain  size,  and 
hence  the  rate  of  crack  growth  Is  Initially  slower 
Into  large  grains  than  Into  small  grains.  For 
both  growth  modes,  crack  growth  rates  can  be  pre¬ 
dicted  by  an  effective  stress  Intensity  range 
based  growth  law  for  which  AK  ^  Is  calculated 
from  crack  length,  crack  depth,  propagation  mode 
and  location  of  tbe  cpack  tip  with  respect  to  the 
grain  boundaries. 

Transgranular  propagation  of  short  cracks 
becomes  progressively  less  likely  as  fatigue 
progresses,  because  of  the  Increasing  duration  of 
Incubation  (as  the  surface  hardness  during 
fatigue).  A  competing  Intergranular  growth  mode 
Is  observed  later  In  life  at  low  stress  amplitude 
(l.e.,  when  the  surface  hardening  Is  most  pro¬ 


nounced).  Growth  proceeds  by  fracture  of  grain 
boundaries  ahead  of  but  not  directly  connected  to 
the  crack  tip,  followed  by  linking  of  the  second¬ 
ary  cracks  with  the  main  crack.  We  have  found,  by 
measuring  the  opening  displacement  of  surface 
crack  tips,  that  grain  boundary  cracking  ahead  of 
the  main  crack  can  occur  even  If  hardening  at  a 
surface  tip  is  sufficient  to  prevent  slip  from  the 
crack  tip  Into  the  next  grain.  In  this  case,  we 
attribute  the  grain  boundary  cracking  to  an 
enhancement  of  the  strain  amplitude  at  the  bounda¬ 
ries  due  to  the  elastic  strain  field  associated 
with  the  crack. 


Remaining  Lifetime  Prediction  -  A  computer  simu¬ 
lation  of  the  growth  process  Is  used  to  determine 
the  cycles  to  failure  for  a  series  of  80  pm  long 
cracks.  For  each  crack  the  size,  shape  and 
crystallographic  orientation  of  grains  In  the  path 
of  the  crack  at  the  surface  are  selected  at  random 
for  the  growth  simulation  using  distributions  In 
size  and  shape  measured  for  the  alloy,  and  by 
assuming  that  the  distribution  of  crystallographic 
orientation  Is  random.  A  simplifying  assumption 
Is  made  in  the  Initial  conditions  for  propagation 
which  makes  the  calculation  substantially  easier. 
We  assume  that  each  80  mm  crack  is  In  an  80  pm 
grain  with  the  surface  tips  at  the  grain  bounda¬ 
ries.  We  further  assume  that  the  cracks  arrived 
at  the  boundary  at  any  time  during  an  Interval  up 
to  5,000  fatigue  cycles  before  they  were  detected.' 
This  Is  consistent  with  experimental  observation. 
More  accurate  calculation  would  require  modeling 
and  simulation  of  the  crack  Initiation  as  well  as 
of  the  crack  growth  processes. 


The  mathematical  details  of  the  growth  laws, 
outlined  above  and  useo  to  predict  cycles  necess¬ 
ary  fcr  crack  lengths  to  reach  500  pm,  have  been 
discussed  elsewhere.  ,b  The  predictions  shown  In 
Fig.  4  were  obtained  by  simulation  of  growth  for 
10'  cracks  fur  each  of  the  three  Initial  condi¬ 
tions  of  prefatigue  prior  to  crack  detection.  The 
trend  for  cracks  Initiated  earlier  to  propagate 
more  rapidly,  on  an  average,  Is  the  result  of  a 
progressive  Increase  In  the  duration  of  the 
Incubation  period  for  transgranular  crack  propa¬ 
gation  across  grain  boundaries,  due  to  a  cyclic 
hardening  of  the  surface.  For  the  case  In  Fig.  4, 
In  which  4  x  1(T  cycles  Is  necessary  for  initia¬ 
tion,  the  mode  of  propagation  Is  predominantly 
Intergranular.  Fig.  4  Is  replotted  In  Fig.  6  using 
a  log  scale  to  emphasize  the  very  early  failure 
characteristics.  Some  disagreement  exists  between 
prediction  and  experimental  data  for  2.5  x  lCr 
cycles  to  Initiation,  which  we  attribute  to  the 
simplicity  of  our  assumptions  regarding  the 
initial  location  of  each  crack  with  respect  to 
the  grain  boundaries.  In  Fig.  7  remaining  life¬ 
time  predictions  for  o  *  0.63  °yieiH  have  been 
extended  to  probabilities  of  failure  or  one  chance 
in  ten  million  by  calculating  the  effect  which 
crack  coalescence  will  have  on  remaining  life¬ 
time.  In  Fig.  8  we  compare  calculated  remaining 
lifetime  for  a  zero  surface  area  to  a  100  enr  . 
surface  area  case  for  owx  =  0.63  and  10* 

cycles  to  Initiation.  The  shorter  remaining 
lifetime  for  the  larger  surface  area  Is  due  to 
Initiation  and  propagation  of  cracks  other  than 
the  main  detected  crack.  Both  the  coalesence  and 
non-zero  surface  area  calculations  were  made  using 
experimental  values  of  the  average  numbers  of 
cracks/cir  developed  during  fatigue. 
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PROBABILITY  OF  FAILURE. % 


Fig.  6  Results  of  Fig.  4,  shown  using  a  log  scale 
to  emphasize  the  early  failure  behavior. 


Fig.  7  Probability  of  failure  with  additional  _ 
fatigue  cycles  for  extemely  low  proba¬ 
bilities  of  failure  Is  altered  by  crack 
coalescence  for  o  -  0.63  a  ,  ld. 
Coalescence  Is  more  Important  for  cracks 
Initiated  at  4Oxl03  cycles,  because  the 
cracking  density  Is  higher.  Dashed  line 
Is  approximately  the  smallest  failure  pro-  ' 
bablllty  that  can  practically  be  evalua¬ 
ted  In  the  laboratory. 
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Fig.  8  Probability  of  failure  distribution  shifts 
to  smaller  numbers  of  additional  cycles 
for  specimens  with  larger  surface  area, 
because  of  crack  Initiation  and  propaga¬ 
tion  at  sites  away  from  the  main  crack. 


Coiiments  on  RFC  Strategy  -  For  A1  2219-T851  four 
separate  growth  mechanisms  govern  the  statistics 
Of  early  failure  for  propagation  of  short,  surface 
cracks.  The  relative  Importance  of  these  are  a 
function  of  the  cyclic  stress  amplitude,  of  the 
cycles  at  which  the  main  crack  Is  formed,  and  also 
of  the  failure  probability.  For  the  case  of 
°max  “  0**>3  °y  1  el d  ^  cycles  to  Initiation, 
specimens  with  the  shortest  remaining  lifetimes 
fall  by  crack  coalescence  and  at  longer  lifetimes 
fall  by  crystallographic  crack  propagation  with 
growth  rates  controlled  by  Incubation.  Still 
longer  lifetime  specimens  fall  due  to  trans- 
granular  non-crystallographlc  propagation  with 
rates  controlled  by  crack  closure  stress  and  by 
Incubation,  and  the  long-life  specimens  fall 
predominantly  by  Intergranular  crack  propaga¬ 
tion.  Each  separate  growth  mechanism  Is  sensitive 
to  different  features  of  the  alloy  microstructure 
and  mechanical  properties.  Thus,  the  statistical 
probability  of  early  failure  Is  governed  by 
different  material  features  depending  upon  the 
probability  of  failure.  The  probability  of  very 
early  failure  cannot,  therefore,  be  realistically 
obtained  by  extrapolation  from  probability  of 
failure  statistics  determined  In  the  laboratory 
and  Instead  must  be  calculated  from  a  knowledge  of 
the  crack  growth  mechanisms. 

SUMMARY 

Once  a  short  surface  crack  of  predetermined 
size  has  been  detected  by  NDE,  statistical  varia¬ 
tions  In  the  number  of  cycles  to  failure,  can  be 
substantial.  Exceptionally  early  failures  can 
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occur  at  a  lifetime  1/10  of  the  mean  remaining 
lifetime  determined  In  the  laboratory.  These 
early  failures  result  from  rare  combinations  of 
the  alloy  mlcrostructu.-e  In  the  crack  path  which 
lead  to  accelerated  rates  of  crack  propagation. 
Because  of  their  rarity  It  Is  unlikely  that  such 
failures  will  be  observed  during  laboratory  test¬ 
ing,  and  even  If  a  single  anomolous  event  Is 
recorded  It  Is  likely  to  be  discounted.  We  have 
described  a  method  to  calculate  the  probable 
remaining  fatigue  lifetime  from  alloy  microstruc¬ 
ture,  for  small  probabilities  of  failure.  Such 
predictions  are  an  essential  element  In  the 
development  of  a  quantitatively  based  RFC 
strategy.  A  further  complexity  of  the  early 
failure  process,  which  can  place  additional 
demands  upon  NDE  of  components,  Is  also  discussed. 
For  aluminum  alloys,  remaining  fatigue  lifetime 
after  crack  detection  Is  a  function  of  the  prior 
loading  history.  If  service  records  on  the 
component  are  Inadequate  to  extract  loading 
history  Information  an  additional  requirement  Is 
that  NDE  provide  a  measure  of  the  accumulated 
fatigue  damage  of  the  surface,  as  well  as  detect 
and  size  surface  cracks,  before  reliable  calcula¬ 
tions  of  probable  remaining  lifetime  calculations 
can  be  made. 
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SUMMARY  DISCUSSION 


Mike  Buckley,  Chairman  (DARPA):  Time  for  a  couple  quick  questions. 

Kamel  Salama  (University  of  Houston):  Do  you  have  any  Idea  what  the  mechanism  Is  for  the  hardening  of 
the  surface?  Is  the  formation  of  a  surface  oxide  important? 

Fred  Morris  (Rockwell  Science  Center):  We  know  It's  environmentally  dependent  and  John  Wert  has  looked 
at  the  near  dislocation  structure  at  the  surface.  ,  What  we  f'nd  In  the  presence  of  humidity  is 
tangles  of  dls'ocations  at  the  surface  where  there  are  bands  of  persistent  dry  air.  I  think 
simply  that  an  oxide  forms  on  the  surface  in  humid  air  and  prevents  a  certain  number  of 
dislocations  from  escaping  through  the  surface,  producing  a  harder  surface. 


Ross  Stone  (IRT  Corporation):  Don't  you  notice  an  effect  with  the  rate  of  cycling  In  your  fatigue 
tests? 

Fred  Morris:  We  haven't  looked  very  carefully  at  frequency  effects.  Our  measurements  have  been  dune  at 
10  Hertz.  We  expect  no  problem  with  heating  at  this  frequency,  but  there  must  be  a  frequency 
dependence  of  the  environmental  effect  If  you  go  to  high  enough  frequencies. 

Ross  Stone:  Apparently  you  did  Ignore  residual  surface  stress  in  the  specimens.  Is  that  because  they 
were  negligible? 

Fred  Morris:  They  were  for  our  specimens.  Each  specimen  came  from  the  machine  shop  having 

approximately  22  ksi  residual  surface  stress.  We  then  took  0.003  of  an  inch  of  material  off 
both  sides  and  1  polished  each  one  lovingly  by  hand  to  an  accuracy  of  0.00001  of  an  Inch  In 
thickness.  We  measured  until  we  got  down  to  quite  low  value  of  residual  surface  stress.  But 
we  also  have  a  model  which  predicts  the  rate  at  which  the  residual  stresses  decay  during 
fatigue.  That's  one  of  the  things  we  plan  to  Incorporate  into  our  failure  model  In  the  future. 

Steve  Kellman  (Rockwell  International):  Fred,  you  mentioned  the  effect  of  moisture  In  the 
environment.  How  pervasive  are  they? 

Fred  Morris:  In  aluminum  alloys,  they  show  up  in  the  crack  Initiation  rate  because  It  affects  the 

hardening  of  the  surface.  They  show  up  In  the  crack  propagation  rate  both  In  the  hardening  of 
the  surface  and  in  surface  ductility.  And  they  also  show  up  in  the  rate  at  which  individual 
residual  surface  stresses  relax  during  fatigue.  If  the  air  Is  humid,  the  surface  Is  harder, 
there  Is  less  relaxation  through  the  surface  and  the  residual  stresses  stay  high.  So  It's 
really  perv  sive,  and  it's  very  dependent  on  alloy  type. 

Otto  Buck  (Rockwell  Science  Center  [now  Ames  Laboratory]) :  There  is  a  constant  In  the  computer 
calculations,  In  the  equations  that  reflect  the  moisture  effect. 

Fred  Morris:  It's  all  In  the  models.  The  results  you  saw  on  moisture  effect  is  entirely  determined 
from  the  computer  calculation,  and  are  derived  from  what  we  have  learned  so  far  about  the 
effects  of  moisture  on  growth  mechanisms. 

Steve  Kellman:  If  you  have  initial  Information  on  the  humidity  variation  with  time  can  you  actually 
calculate  life  with  It? 

Fred  Morris:  Yes,  we  have  done  It. 

John  Rodgers  (Acoustic  Emission  Technology):  I'm  rather  curious,  considering  the  kind  of  environment 

that  aircraft  might  te  flying  in  In  the  European  area  with  what  Is  acknowledged  to  be  acid  rain 
conditions,  with  pH's  ranging  down  as  low  as  1.5  or  2  -  Is  this  not  an  Important  consideration 
in  the  moisture  effects  on  the  crack  initiation  and  propagation? 

Fred  Morris:  I'm  sure  It's  Important.  I  told  you  how  we  started  the  cracks  In  those  materials.  We 
used  felt-tip  pen  Ink  to  start  the  crack.  So  anything  you  put  on  that  aluminum  surface  that 
modifies  the  near  surface  ductility  can  have  an  enormous  effect  on  the  life  time. 

Chris  Burger  (Ames  Laboratory):  What  did  you  consider  failure? 

Fred  Morris:  The  complete  calculations  were  done  to  a  crack  length  of  500  microns. 

Chris  Burger:  You  were  talking  then  about  the  surface  length  of  the  crack? 

Fred  Morris:  Yes. 

Chris  Burger:  What  concerns  one  from  a  failure  reliability  standpoint  are  the  depth  of  those  cracks. 
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Fred  Morris:  Of  course.  And  they  can  be  quite  shallow,  but  this  is  really  an  exercise  In  how  well  our 
models  work.  We're  also  attempting  to  do  the  same  types  of  predictions  on  smooth-bar 
specimens,  carrying  It  right  on  up  to  the  critical  crack  size,  but  we  suffered  from  some 
experimental  constraints  In  this  measurement,  which  Is  the  main  reason  we  fixed  the  maximum 
length  of  Interest  at  500  microns. 

Chris  8urger:  That  Is  surface  length? 

Fred  Morris:  That's  surface  length,  and  the  crack  shape  factors  are  typically  about  0.1  when  the  cracks 
get  that  long.  But  If  you  would  take  that  same  crack  and  put  it  in  a  smooth-bar  specimen.  It 
would  be  about  250  microns  deep. 

Mike  Resch  (Stanford  University):  What  do  you  think  it  Is  about  the  felt  pen  Ink  that  accelerates  crack 
Initiation,  and  what  effect  might  the  Ink  have  on  the  growth  kinetics  on  these  very  small 
cracks? 

Fred  Morris:  What  we  do  Is  use  It  to  start  the  crack  and  then  take  It  off. 

Mike  Resch:  How  do  you  take  It  off?  How  do  you  know  you  don't  have  ink  down  in  the  crack  tip  that's 
going  to,  say,  affect  the  kinetics. 

Fred  Morris:  I  wouldn't  say  it  doesn't.  We  try  to  get  the  ink  out  by  ultrasonlcally  cleaning  In  an 

acetone  bath.  However,  the  growth  rates  are  consistent  with  uninked  specimens.  Of  course,  we 
have  to  use  that  technique,  because  If  we  were  to  rely  on  naturally  started  cracks,  the  chance 
of  finding  a  natural  crack  after  10  thousand  cycles  In  that  material  Is  one  per  10  square 
centimeters  of  surface  area.  And  it  will  take  you  a  week  to  find  it. 


Mike  Buckley,  Chairman:  Thank  you  very  much, Fred. 


ENERGY  RELEASE  RATES  FOR  A  PLANE  CRACK  SUBJECTED  TO  GENERAL  LOADING 
AND  THEIR  RELATION  TO  STRESS-INTENSITY  FACTORS 


A.  Golebiewska  Herrmann  and  George  Herrmann 
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ABSTRACT 

The  well-known  J  Integral  of  e^stic  fracture  mechanics  has  been  related  to  potential  energy-release 
rate  associated  with  crack  extension  and  has  proved  to  be  of  great  value  in  fracture  testing.  In  partic¬ 
ular,  the  path-independence  of  the  J  integral  has  been  used  to  an  advantage  in  performing  acoustoelastic 
measurements  along  a  closed  contour  surrounding  a  crack  tip.8  In  Mode  I  (opening  mode)  for  example,  the 
J  integral  depends  essentially  only  on  the  corresponding  stress  intensity  factor  Kj  which  can  thus  be 
determined. 

Actually,  J  is  the  component  of  a  vector  In  the  plane  of  the  crack  and  there  exists  a  component  of 
this  vector  normal  to  the  crack  plane,  which,  however,  has  not  been  interpreted  properly  in  the  past.  It 
is  one  aim  of  this  paper  to  supply  a  valid  interpretation  of  this  path-independent  Integral  and  to  relate 
it  to  still  another  integral,  also  path-independent,  which  has  been  termed  the  L  integral.  It  will  be 
further  shown  explicitly  that  for  a  crack  under  mixed-mode  loading  this  latter  integral  represents  the 
energy  release  rate  for  rotation  which  can  be  used  to  determine  both  Kj  and  Kj  j  . 


INTRODUCTION 

For  some  years  now,  researchers  became  inter¬ 
ested  in  path-independent  integrals  J,  L  and  M.  In 
the  context  of  fracture  mechanics  the  importance  of 
path-independent  integrals  resides  in  the  fact  that 
they  can  be  related  to  energy  release  rates,  e.g. 
to  crack  extension  forces  which  themselves  depend 
only  on  stress  intensity  factors.  It  was  shown  by 
Rice1  that  the  J  integral  is  related  to  the  elastic 
energy-release  rate  associated  with  statically  ex¬ 
tending  cracks.  Freund2  has  found  that  in  certain 
special  cases  the  M  integral  can  be  related  to  J, 
which  he  has  shown  to  be  useful  in  calculating 
stress  intensity  factors  without  solving  the  corres¬ 
ponding  boundary  value  problem.  The  J  integral  is 
actually  the  component  J]  of  a  vector  J^  ,  (k  = 
1,2),  and  since  J  represents  a  force,  we  could  ex¬ 
pect  that  J2  is  simply  another  component  of  that 
force.  The  relation  between  J-)  and  M  suggests 
that  there  might  be  a  similar  relation  between  J? 
and  L  ,  another  path-independent  integral  studied 
by  Knowles  and  Sternberg3  and  Rice  and  Budiansky.4 
In  order  to  assign  a  practical  use  to  J2  or  L 
(or  both),  we  have  to  understand  the  physical  mean¬ 
ing  of  those  quantities  and  to  establish  possible 
relations  between  them  (if  they  exist).  This  is 
the  aim  of  this  paper. 

IS  .  Jo  A  PATH- INDEPENDENT  INTEGRAL? 

We  consider  a  two-dimensional  deformation 
field  referred  to  Cartesian  coordinates  X-|  ,  X?  . 
The  crack  of  length  2a  is  placed  along  the  OXg 
axis  (see  Fig.  1).  The  J  integral  is  defined  as 

0  =  ^  (WdX2  -  TiU..i(U)  (1) 

where  C  Isa  contour  enclosing  the  right  crack 
tip,  W  the  strain  energy  density,  Tg  the  trac¬ 
tion,  Uj  the  displacement  vector  and  comma  denotes 
differentiation,  e.g.  u.j  1  =  au^/aXg  .  If  the 
crack  is  subjected  to  far-field  homogeneous  applied 
stresses  ,  o^2  ,  of^  *  J  e9uals  to  0°  P^ane 
stress) 

J  =  (Kj  +  Kjj)/E  (2) 


where  E  is  Young's  modulus  and  Kj  and  Kji  are 
stress  intensity  factors  defined  as 


Figure  1 

Path  C  for  J  Integral 


We  notice  that  J  given  by  (2)  does  not  de¬ 
pend  on  0^1  and  is  path-independent:  because  J 
can  be  expressed  in  terms  of  quantities  which  do 
not  depend  on  the  contour. 

Actually,  J  is  a  component.  Jg  of  a  vector 

Jk  =  4  (Wnk  -  Tiu1  k)d*.  i,k  =  1,2  .  (4) 

The  second  component  of  this  vector  J2  has  been 
calculated  for  the  infinitesimal  contour  enclosing 
the  crack  tip  giving 

J2  =  -2Kj  Kn/E  (5) 
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where  again  Ki  ,  Km  are  given  by  (3).  Again  J2 
does  not  depend  on  0^  . 

We  observe  an  interesting  feature  of  J]  and 
J2-  As  given  by  (4),  they  seem  to  be  the  components 
of  a  vector;  however,  comparing  (2)  and  (5),  they  do 
not  behave  like  independent  quantities:  if  di  =  0, 
then  Jo  is  necessarily  zero  also,  by  contrast  tc 
the  basic  definition  of  a  vector  whose  components 
should  be  independent  from  one  another.  We  will  re¬ 
turn  to  this  point  later. 

Now  we  would  like  to  concentrate  on  the  path- 
independence  of  J^  and  J2  *  The  basic  practical 
use  of  J]  resides  in  the  fact  that  it  is  path- 
independent,  or  more  precisely:  if  a  contour  C  en¬ 
closes  the  crack  tip  and  starts  and  ends  on  the 
crack  face,  the  value  of  Ji  does  not  depend  on  the 
particular  choice  of  C  .  The  reason  is  that  along 
the  crack  faces,  Tj  is  zero,  thus  the  second  term 
of  (1)  is  identically  zero,  while  the  first  one  van¬ 
ishes  because  dXp  is  zero.  This  argument,  how¬ 
ever,  does  not  hold  for  J2:  i.e.  the  second  term 
(with  T<)  vanishes,  but  not  the  first  one,  and  J2 
is  path-aependent  in  the  same  sense  as  J-]  is  path- 
independent 

Exact  calculations  are  given  for  remote  homo¬ 
geneous  fields  in  Ref.  5.  Does  this  mean  that  Jj 
has  no  meaning  whatsoever?  In  order  to  answer  this 
question,  we  have  to  establish  more  precisely  what 
we  mean  by  path-independence:  Jq  strictly  speak¬ 
ing  is  not  path-independent, either, because  if  a  con¬ 
tour  encloses  the  whole  crack,  0 q  =  0  (see  Fig.  2). 


/E  •  dS  =  4ne 
S 

The  surface  integral  of  E  gives  the  total  charge 
e  Inside  the  volume  and  is  independent  on  the  sur¬ 
face  S  ,  as  long  as  all  charges  are  inside  S  (see 
Fig.  3). 


Thus  we  have  to  decide  whether  a  crack  or  a  crack 
tip  is  a  singularity  under  consideration.  Actually, 
for  J2  there  is  no  choice;  only  when  the  Integral 
is  taken  around  the  whole  crack  does  the  contribu¬ 
tion  along  the  crack  vanish  and  the  total  value  of 
J2  is  zero  (Ref.  5), 


Figure  3 

Charges  Enclosed  by  Surfaces  S1  and  S2 


RELATIONS  BETWEEN  M  AND  J  RE-EXAMINED 


Freund2  established  a  relation  between  two  path- 
independent  integrals  M  and  J  .  M  is  given  by 

M=rf(WXini  -Vk,iXi)dS 

and  J  is  given  by  (1).  In  (6)  the  contour,  how¬ 
ever,  is  taken  around  the  whole  crack  (see  Fig.  2). 
The  relation  established  by  Freund  is 

M  =  2aJ  (7) 


Figure  2 

Path  C  for  L  Integral 


Should  a  contour  enclose  a  crack  tip  or  the  whole 
crack?  Usually  we  could  expect  path-independence 
of  some  quantity  if  the  contour  Is  taken  over  all 
singularities.  E.g.,  Gauss  law  in  electro-statics  is 

div  E  =  4np 

4- 

where  E  denotes  the  electric  field  ,  p  the  charge 
density.  In  global  form  this  law  is  stated  as 


In  other  words,  one  quantity  connected  with  the 
whole  crack  M  is  related  to  another  one,  namely 
J  ,  associated  with  a  crack  tip  only.  This  was  the 
basis  of  some  of  the  experimental  work  reported  by 
R.  King,  G.  Herrmann  and  G.  Kino  in  a  separate 
paper  In  these  Proceedings. 

Before  we  attempt  establishing  some  relations 
between  J2  and  another  path-independent  integral, 
let  us  re-examine  the  relation  between  M  and  J 
from  the  physical  point  of  view.  As  it  is  well 
known,  J  is  related  to  energy  release  rates.  Let 
us  start  with  the  strain  energy  of  an  elastic  con¬ 
tinuum  without  defects 
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W  -  W[e.j(Xk)]  (8)  is  a  gravity  for c-  ,  f.  can  be  written  as 

where  eij(Xu)  is  the  strain  tensor.  The  body  f.  =  - 

is  in  equilibrium,  thus  1  3xi 

wliere  U  is  the  density  of  the  gravitational  poten¬ 
cy  =  C  (9)  tial,  to  make  the  formal  analogy  oven  stronger. 


where  o  - -  is  the  symmetric  stress  tensor  related 
to  W 


3W 


no) 


1J  3eij 

If  we  differentiate  W  with  respect  to  X.  ,  and 
make  use  of  (10),  of  the  symmetry  of  stresi  tensor 
and  of  (9)  we  obtain 


3W  9W 

3Xi  "  3e  ejk,i  "  ajkuj  ,ki  =  °jkuj,ik 

00 

=  (a0kuj,i>,k  *  °jk,kuj,i  "  <°jkuj,i\k 
and  finally 


i^(W4ik'ajkuj,i)-0-  OD 

If  we  integrate  this  expression  over  any  volume  in¬ 
side  the  body,  and  then  make  use  of  Gauss  theorem, 
we  have 


pni  -  Vj,i)ds  =  °-  {12> 

For  the  two-dimensional  case  S  becomes  a  line  and 
(12)  represents  a  conservation  law.  Our  consider¬ 
ations  concerned  energy,  but  (12)  is  not  conserva¬ 
tion  of  energy.  Actually,  if  we  define  the  material 
momentum  tensor  bik  as 

bik-W5ik-°jkuj,i  03) 

relation  (11)  can  be  rewritten  as 


In  classical  mechanics,  there  is  a  strong  re¬ 
lation  between  admissible  transformations  and  con¬ 
servation  laws:  e.g.,  translational  in  variance  is  con¬ 
nected  with  momentum  conservation;  presence  of 
forces  expresses  non-conservation  of  momentum  and 
in  this  sense  is  related  to  translations.  So  actu¬ 
ally  we  can  "deduce"  the  forces  acting  on  the  object 
under  consideration  by  inducing  a  possible  trans¬ 
lation  of  that  object.  In  this  sense  0  is  pre¬ 
cisely  a  force  acting  on  a  crack  tip,  because  to 
derive  it  the  possible  translation  of  a  crack  tip, 
not  of  a  crack,  was  considered. 

Another  transformation  of  interest  can  be  sim¬ 
ilarity.  For  a  particular  case  of  a  crack  it  can 
be  written  as 


«X,  ■  f  X1  (16) 

where  a  is  an  infinitesimal  parameter.  This  trans¬ 
formation  concerns  Xj  only  if  we  use  the  coordin¬ 
ate  system  of  Fig.  1.  This  transformation  leads  to 
the  formula  (6)  for  M  .  The  physical  meaning  of 
J|  and  M  is  clear:  the  translation  of  both  tips 
by  a  along  Xi  ,  but  in  opposite  directions  (Fig. 
4a),  so  6Xg  =  a  at  the  right  tip,  and  6X^  =  -a 
at  the  left  one,  is  equivalent  to  the  similarity 
transformation  given  by  (16)  and  characterized  by 
the  same  a  (Fig.  4b).  In  this  sense  M  repre¬ 
sents  a  generalized  extension  force  acting  on  a 
crack  (Fig.  4).  y 


which  is  very  similar  to  the  equation  of  equilibrium 
(9),  expressing  absence  of  body  forces  or  conserva¬ 
tion  of  linear  momentum.  In  this  sense  (14)  ex¬ 
presses  conservation  of  material  momentum  in  the 
absence  of  material  forces.  To  reinforce  this  sug¬ 
gestion,  let  us  observe  that  the  integral  In  (12)  is 
identical  to  that  of  Jk  given  by  (4);  however,  the 
right-hand  side  of  (12)  equals  zero.  If  we  assume 
now,  in  order  to  distinguish  between  a  continuum 
without  and  with  defects,  that  W  depends  on  X- 
not  only  through  e^,  but  also  explicitly,  i.e.1, 

W=W[e..(Xk),Xi] 

we  obtain 


1- - -2o  +  2a - 


(a) 


t-  —  —  2a  +  2a - *-l 


which  leads  to 


bik,k 


exp 


(15) 


(b) 

Figure  4 

Growth  of  a  crack  (a)  ay  translation  of  crack  tips 
and  (b)  by  similarity  transformation 

Jo  ,  L  AND  ENERGY  RELEASE  RATES 


instead  of  (14).  The  right-hand  side  represents  a  We  return  to  the  problem  of  J.  :  does  it 

density  of  material  force,  in  the  same  sense  as  f^  represent  the  components  of  the  force  acting  on  a 
given  by  crack,  or  crack  tip,  or  not?  Let  us  notice  that 

relation  (15)  is  obtained  In  quite  general  fashion, 
f-j  =  o.jk  k  (16)  for  any  defect  in  a  continuum,  while  specific  values 

’  of  J-i  and  Jo  given  by  (2)  or  (5)  were  obtained 

represents  a  body  force  density;  actually  if  f.  specifically  for  a  plane  crack.  In  this  process 
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the  nonequivalence  of  X-j  and  X2  axes  is  essen¬ 
tial.  In  other  words,  as  long  as  all  directions  are 
equivalent  for  a  defect,  Ji  and  J2  have  the  same 
meaning  of  components  of  a  force;  however,  the  geom¬ 
etry  of  a  crack  imposes  additional  constraints  to 
this  interpretation. 

Let  us  consider  the  simplest  example  of  a  rigid 
bar  lying  on  the  plane  surface  axis  being  di¬ 
rected  along  the  bar,  X2  being  perpendicular  to 
the  plane.  The  force  acting  at  the  end  of  the  bar 
in  the  X^  direction  causes  translation  of  the 
whole  body  in  the  X]  direction.  However,  a  force 
acting  in  the  X2  direction  causes  not  a  transla¬ 
tion  in  the  X2  direction,  but  a  rotation  in  the 
XjX2  plane  about  the  other  end  of  the  bar.  The 
situation  for  a  crack  is  similar  (though  not  identi¬ 
cal):  J-|  and  J2  are  situated  differently  with 
respect  to  the  crack  itself,  such  that  their  roles 
are  different.  To  establish  the  role  of  J2  ,  we 
will  pass  now  to  another,  path-independent  integral, 
namely  the  L  integral -defined  as 

L  “  f  e3ij(WXj"i  -  Vj  -  Vk,iVdS'  (17) 

For  the  configuration  given  In  Fig.  1, 

L  =  2o^2(a22  +  (18) 

or 

L  =  -2aJ2  +  2^2(0^  -  a22)na2/E  (19) 

where  J2  is  given  by  (5).  The  integral  L  has 
been  found  to  be  the  rotational  energy  release  rate 
(Ref.  s).  The  relation  has  the  form: 


where  U  is  the  energy  of  the  crack,  depending  not 
only  on  a  ,  but  $  ,  the  angle  by  which  the  crack 
rotates  (virtually)  in  its  plane  (Fig.  5). 


The  value  of  L  given  by  (18)  or  (19)  depends 
not  only  on  of2  and  oj 2  but  also  on  0^.  From 
(19)  we  see  that  for  a  certain  special  stress  field 
L  can  be  expressed  in  terms  of 

L  =  -  2aJ2  if  0^  =  o22  •  (20) 

The  relation  (20)  is  similar  to  (7)  except  there 
were  no  restrictions  on  the  stress  field  to  be  sat¬ 
isfied  in  the  case  of  M  and  Ji  . 

The  expressions  (13)  and  (20)  may  be  useful  in 
the  nondestructive  determination  of  stress  Intensity 
factors  for  cracks  subjected  to  combined  loading. 

THE  CRACK  ANO  GENERALIZED  FORCES 

The  path-dependence  of  02  »  when  taken  around 
one  crack  tip,  indicates  that  is  not  a  physi¬ 
cally  meaningful  quantity  for  measurements  concern¬ 
ing  properties  of  materials  near  a  crack.  Actually, 
if  we  would  like  to  introduce  a  unified  description 
of  the  behavior  of  a  crack  taking  all  integrals 
around  the  whole  crack,  we  find  that 


and  then  it  is  M  and  L  which  become  physically 
meaningful.  Ascribing  to  a  crack  two  degrees  of 
freedom,  namely  extension  and  rotation,  represented 
by  dependence  of  energy  of  a  crack  on  a  and  t  , 
we  see  that  L  and  M  are  generalized  forces  asso¬ 
ciated  with  those  generalized  coordinates  in  the 
sense  of  classical  mechanics 


While  tensile  forces  are  concentrated  only  at  the 
tips,  the  moments  are  distributed  along  cracks,  too. 
These  two  facts  explain  why  M  can  be  expressed 
tiirough  J|  ,  while  L  ,  in  general,  can  not  be  ex¬ 
pressed  through  J2  . 

The  next  interesting  observation  can  be  made 
in  relation  to  generalized  coordinates:  if  instead 
of  a  ,  4>  we  will  use  generalized  coordinates  u  , 
■y  ,  as  indicated  in  Fig.  6,  we  obtain 


x2 


x, 


Figure  5 

Rotation  of  Crack 


Figure  6 

Generalized  Coordinates  u  and  t 
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(21) 


Mechanics"  to  be  published. 


( 3u  ) u_q=  J1  C0S  Y  '  L/a  Sin  r  • 

The  right-hand  side  represents  a  generalized  force 
Fu  connected  with  the  generalized  coordinate  u  . 
For  the  special  case  ^  reduces  to 

Fu  =  cos  y  +  02  sin  y  .  (22) 

In  this  form  (Ref.  6)  Fu  was  ascribed  to  skewing 
of  a  crack  rather  than  to  rotation.  Without  assign¬ 
ing  this  meaning  to  expression  (22),  let  us  notice 
that  if  this  Is  true,  in  a  general  case  we  should 
use  (21)  involving  L  rather  than  (22)  which  is 
only  a  special  case  of  (21). 

Finally,  we  would  like  to  remark  briefly  on  the 
sign  of  L  .  In  the  definition  given  by  (17),  which 
repeats  the  well-known  (Refs.  3,4)  definition  of  L, 
the  symbol  e-jj^  Is  used.  Should  we  Interchange 
the  indices  J  and  k  ,  the  signs  in  expressions 
(18), (19)  and  consequently  in  (20), (21),  would 
change.  As  we  realize  by  now,  L  represents  the 
moment  of  material  forces.  Usually,  the  moment  is 
given  by  eij|<  xj  Fj<  ;  it  would  correspond  exactly 
to  the  change  of  sign  of  L  given  by  (17).  Of 
course,  L  as  given  by  (17)  cannot  be  represented 
as  a  prodict  of  X^  by  another  quantity  because 
of  the  presence  of  the  form  T-j  u,  .  A  more  gen¬ 
eral  treatment  of  path- independent  integrals  and 
their  relations  to  conservation  laws  will  be  given 
in  (Ref.  7). 


8.  Herrmann,  G.  and  Kino,  G.S.,  "Ultrasonic 
Measurements  of  Inhomogeneous  Stress  Fields",  Proa 
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SUMMARY  DISCUSSION 


Otto  Buck,  Chairman  (Rockwell  Science  Center  [now  Ames  laboratory]):  Any  questions,  please? 

I  have  a  short  question.  Let's  assume  we  start  out  In  a  mode  one  and  the  crack  goes  over  Into 
mode  two  or  something  like  that.  Would  you  be  able  to  treat  that  particular  situation? 

George  Herrmann  (Stanford  University):  You  mean  crack  skewing?  It's  not  being  treated  here. 

Otto  Buck:  What  hope  do  you  see  for  that? 

George  Herrmann:  We  see  some  hope,  but  completely  different  considerations  will  be  required  here. 

Perhaps  In  answering  that  question,  we  might  mention  that  what  we  see  here  Is  for  the  energy 
releas  for  rotation.  Sigma  1-1.  The  applied  stress  parallel  to  the  crack  does  play  a  role,  and 
It.  Is  expected  that  In  crack  skewing.  It  most  likely  will  therefore  also  play  a  role.  3ut  we 
are  not  prepared  to  say  at  this  time  just  what  role  that  will  be 

Otto  Buck:  One  more  question. 

Mike  Resch  (Stanford  University):  We  talked  about  these  conservative  integrals  for  two-dimensional 

cracks.  What  does  the  J  Integral  mean  for  a  three-dimensional,  semi  elliptical  surface  crack? 

George  Herrmann:  It  means  you  have  to  take  an  Integral,  not  around  a  line,  but  you  have  to  take  It 
around  the  whole  surface.  In  fact,  we  have  some  thoughts  along  that  line  -  or  along  that 
surface,  I  should  say,  but  we  have  not  proceeded  any  further  than  just  loosely  thinking  aboit 
It. 

Chris  Burger  (Ames  laboratory):  Experiments  by  Kobyashl  and  Danielson  and  a  few  other  people  seem  to 

suggest  to  us  that  the  mode  two  crack;  to  talk  about  mode  two  cracx  growth.  Is  really  not  worth 
much  because  the  crack  turns  as  quickly  as  It  can  and  propagates  In  mode  one.  How  does  that 
relate  to  your  work  with  J-2. 

George  Herrmann:  There  are  two  points  of  view.  There  are  those  people  who  say  that  this  crack  skewing 
Is  completely  an  Irrelevant  subject  because,  as  you  say,  the  crack  just  turns  right  away,  and 
we  are  not  concerned  about  the  details.  There  are  some  other  people,  however,  perhaps 
Including  some  of  us,  who  think  that  It  might  be  just  Interesting  to  see  what  Is  going  on  In 
detail  before  the  crack  Is  turning  and  becomes  just  a  pure  mode  one  crack.  What  Is  the 
mechanism  which  Is  taking  place?  Is  there  any  possible  additional  material  constants  which 
gover  ,at  process  right  at  the  beginning  and  so  on. 

r.o  Buck,  cnalrman:  Thank  you  so  much,  George, 


ACOUSTIC  NONDESTRUCTIVE  EVALUATION  OF  ENERGY 
RELEASE  RATES  IN  PLANE  CRACKED  SOLIDS 
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Stanford  University 
Stanford,  California  94305 


ABSTRACT 

Acoustic  measurements,  using  longitudinal  waves  in  plane  specimens,  based  on  the  theory  of  acousto¬ 
elasticity,  permit  the  determination  of  the  sum  of  the  principal  stresses  (o-|  +  02).  By  automatic  scan¬ 
ning,  we  are  able  to  make  such  measurements  throughout  a  region  of  interest. 

In  this  paper  we  shall  be  concerned  with  the  application  of  this  acoustoelastic  stress  analysis  to 
fracture  mechanics.  Specifically,  the  energy  release  rates  for  extension  and  rotation  of  a  crack  will  be 
determined  experimentally  (J  integral  for  extension,  L  integral  for  rotation)  followed  by  a  numerical  ad¬ 
justment  procedure  which  may  be  called  the  reseating  technique.  If  desired  the  stress  intensity  factors 
at  a  crack  tip  may  also  be  evaluated.  This  procedure  was  applied  to  three  different  specimen  configura¬ 
tions,  and  the  results  compare  favorably  with  purely  theoretical  predictions. 


INTRODUCTION 

In  this  paper  a  summary  is  presented  of  recent 
efforts  at  Stanford  University  on  applying  acousto¬ 
elastic  stress  analysis  using  ultrasonics  to  the 
evaluation  of  conservation  integrals  in  fracture 
mechanics.  A  brief  review  is  included  of  the  theory 
of  acoustoelasticity  and  the  experimental  apparatus 
and  techniques  used  to  make  stress  measurements  with 
ultrasonics.  After  discussing  the  practical  impor¬ 
tance  of  nondestructively  evaluating  three  conser¬ 
vation  integrals,  the  so-called  J,  L,  and  M  inte¬ 
grals,  attempts  at  performing  such  evaluation  using 
ultrasonic  stress  measurements  are  described. 

ULTRASONIC  STRESS  ANALYSIS 

The  application  of  acoustoelasticity  to  stress 
analysis  using  ultrasonic  measurements  has  been  dis¬ 
cussed  in  detail  in  the  literature,1"5  including 
previous  work  in  this  field  at  Stanford.  The  im¬ 
portant  features  of  ultrasonic  stress  measurements 
in  plane  specimens  are  sunmarized  here. 

Due  to  nonlinear  deformation,  the  velocity  of 
an  acoustic  wave  travelling  through  a  stressed  solid 
is  dependent  on  the  state  of  deformation,  and  hence 
through  a  constitutive  law,  on  the  state  of  stress 
in  the  solid.  For  the  case  of  a  longitudinal  wave 
propagated  at  normal  incidence  in  a  plane  specimen, 
the  relation  between  wave  speed  and  stress  is 


— n - =  y  =  B  (°]  +  °2)  (1) 

v0  0  c 

where  V  and  Vg  are  the  velocities  of  the  wave  in 
the  stressed  and  unstressed  states,  respectively, 

(a]  +  03)  is  the  planar  first  stress  invariant,  and 
the  proportionally  constant  B  is  a  material  prop¬ 
erty  which  depends  on  the  elastic  constants  of  the 
material,  including  the  third  order  (Murnaghan)  con¬ 
stants.  B  is  calibrated  directly  for  a  given  mater¬ 
ial  by  using  a  uniaxial  tension  test.  Yfith  know¬ 
ledge  of  B  ,  relative  velocity  measurements  at 
many  points  will  enable  determination  of  (01  +  o2) 
througnout  a  specimen.  A  diagram  of  the  device  we 
have  used  for  performing  such  measurements  is  shown 
in  Fig.  1. 


For  the  case  of  shear  waves  at  normal  incidence 
to  a  plane  spcimen,  the  relevant  acoustoelasticity 
relation  is 

V,  -  v2 

- - -  =  C(oj  -  o2)  (2) 

V0 

where  Vj  and  V2  are  the  velocities  of  waves  in 
the  stressed  medium  polarized  in  the  Xj  and  x? 
directions,  and  Vo  is  the  velocity  of  the  incident 
wave  in  the  unstressed  medium.  Thus  shear  waves 
permit  evaluation  of  the  difference  of  the  in  plane 
principal  stresses.  In  addition,  principal  direc¬ 
tions  can  readily  be  found,  using  shear  waves,  from 
a  plot  of  amplitude  of  received  signal  versus  polar¬ 
ization  angle.  The  constant  C  In  Eq.  (2)  is  also 
a  material  property  and,  as  with  B  ,  is  calibrated 
using  a  uniaxial  tension  test.  By  simultaneous 
application  of  longitudinal  and  shear  wave  measure¬ 
ments  at  many  points,  all  components  of  the  stress 
tensor  can  be  evaluated  throughout  a  region  in  plane 
specimens.  A  device  similar  in  principle  to  that 
shown  in  Fig.  I  has  been  constructed  for  scanning 
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shear  wave  measurements,  which  uses  direct  contact 
to  couple  the  waves.  Preliminary  work  is  underway 
in  calibrating  the  constant  C  using  this  device, 
but  two-dimensional  stress  analysis  has  not  yet 
been  successfully  performed. 

CONSERVATION  INTEGRALS 


J  ,  L  ,  and  M  Integrals 


The  well  known  J  integral  is  actually  one  of 
a  series  of  path-independent  conservation  integrals 
which  exist  in  elasticity.6  Three  of  these,  the  so- 
called  J  ,  L  ,  and  M  integrals,  have  the  poten¬ 
tial  for  practical  applicability  in  fracture  mech¬ 
anics.  A  theoretical  discussion  of  conservation 
integrals  for  plane  cracked  bodies  is  made  elsewhere 
in  these  proceedings,?  so  a  brief  description  of 
their  definition  and  practical  utility  will  suffice 
here.  The  J  ,  L  ,  and  M  integrals  are  defined 
as  follows: 


J 


L 


I, 

{ 


(Wni  -TkUki.)ds 

e3ij<Wxj"i  '  TiUj  '  TkUk,1xj>  ds 


M 


Vk.iV  ds 


where  W  is  the  strain  energy  density,  Tu  is  the 
traction  vector  acting  on  the  outer  side  of  C  , 

Uk  is  the  displacement  vector,  and  eijv  is  the 
permutation  tensor.  For  the  J  integral,  C  is  a 
contour  in  the  xj  -  X2  plane  around  the  tip  of  a 
crack,  while  for  L  and  H  ,  C  completely 
encloses  the  crack.  These  integrals  are  physically 
interpreted  as  energy  release  rates  with  respect  to 
translation  of  the  tip  of  the  crack  for  J  and  with 
respect  to  rotation  and  self-similar  expansion  of 
the  entire  crack  for  L  and  M  respectively. 


The  M  integral  is  useful  because  J  can  be 
determined  from  M  .  For  instance,  it  is  easily 
shown  through  path-independence  arguments  that  for 
an  interior  crack  of  half  length  a  , 

M  ■=  2aJ  (4) 

It  is  sometimes  more  convenient  to  evaluate  M 
using  a  closed  contour  rather  than  evaluate  0 
along  a  contour  around  the  tip  of  a  crack,  and  M 
can  be  applied  in  certain  situations  involving 
loading  on  the  crack  faces  where  path- independence 
of  J  would  no  longer  hold. 

The  practical  importance  of  the  L  integral 
will  arise  in  mixed  ■  de  cases.  Since  extension  of 
a  crack  in  mixed  mode  deformation  does  not  occur 
along  its  original  length  but  rather  at  some  angle 
to  it,  the  J  integral  alone  is  insufficient  to 
predict  onset  of  crack  extension.  The  L  integral 
may  provide  the  additional  information  needed  in 
such  cases. 


Experimental  Evaluation  of  Conservation  Integrals 


The  customary  techniques  for  measuring  the  J 
integral  involves  direct  determination  of  the  energy 
release  rate  with  respect  to  crack  extension  using 
compliance  measurements.®’16  These  methods  are  not 
suitable  for  nondestructive  evaluation  of  0  in 
structural  elements  but  rather  are  designed  for 
laboratory  determination  of  J ic  •  ln  contrast,  the 
approach  we  have  used  for  evaluating  J  ,  L  ,  and 
M  is  to  determine  the  value  of  the  integrand  at 
points  along  a  contour  and  then  numerically  inte¬ 
grate.  The  difficulty  of  this  approach  is  evident 
if  the  conservation  integrals  are  shown  in  expanded 
form.  For  instance,  in  plane  stress  if  the  material 
along  C  is  linear  elastic,  the  J  integral 
becomes 
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+  Wy  -  ayydx) 


(5) 


The  practical  significance  of  the  0  integral 
in  fracture  mechanics  is  that  comparison  of  J 
versus  a  critical  value  of  J  (Jjc)  provides  a 
useful  fracture  criterion®  which  remains  valid  even 
when  general  yielding  occurs  as  long  as  there  is  no 
unloading.  Thus,  if  Jit,  is  known  for  a  material, 
the  ability  to  nondestructively  evaluate  J  will 
allow  assessment  of  the  structural  integrity  of  a 
cracked  element.  In  situations  governed  by  Linear 
Elastic  Fracture  Mechanics  (LEFM),  the  J  integral 
is  the  same  as  the  crack  extension  force  6j  . 

Thus 


It  is  seen  that  evaluation  of  the  integrand  requires 
knowledge  of  all  the  components  of  the  stress  ten¬ 
sors  well  as  the  rotation  coXy  .  This  is  also  true 
for  L  and  M  .  Three  different  avenues  have  been 
explored  for  obtaining  this  information.  They  are: 

1.  Use  of  both  shear  and  longitudinal  wave 
measurements; 

2.  Use  of  longitudinal  waves  and  special  con¬ 
tours  along  which  the  integrand  simplifies; 

3.  Use  of  longitudinal  waves  and  ‘’rescaling". 


J  =  Gj  ~  kj  (3) 

In  linear  elastic  cases,  use  of  the  J  integral 
has  certain  advantages  over  direct  evaluation  of  the 
stress  intensity  factor,  such  as  the  ability, 
through  path- independence,  to  obtain  knowledge  of 
the  near  tip  stress  fields  from  information  along 
a  contour  further  away  from  the  crack  and  the 
smoothing  effect  of  integration  on  noise  in  numer¬ 
ical  or  experimental  data. 


Description  of  each  of  the  methods  will  follow. 

Use  of  Shear  and  Longitudinal  Waves 

As  discussed  above,  simultaneous  application  of 
shear  and  longitudinal  wave  measurements  permits 
determination  of  all  three  components  of  the  plane 
stress  tensor.  As  seen  in  Eq.  (5),  it  remains  to 
determine  wXy  in  order  to  evaluate  J  ,  L  ,  or  M  . 
A  numerical  technique  was  presented  in  the  1979 
ARPA/AFML  Proceedings11  for  evaluating  «Xy  using 
the  known  stress  components  and  forward  integration 
of  the  compatibility  relations.  This  method  has 
been  successfully  applied  to  the  evaluation  of  both 
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J  and  M  on  theoretical  data.  In  addition,  since 
shear  wave  data  were  not  available,  experimental 
values  of  oxx  ,  oyy  ,  and  oXy  were  simulated  by 
Introducing  noise  into  the  theoretical  data,  and 
again  J  and  M  were  successfully  evaluated.  No 
further  progress  has  been  made  on  this  approach 
since  scanning  shear  wave  data  is  still  not  avail¬ 
able. 

Special  Contours 

In  certain  cases,  special  contours  can  be 
found  along  which  the  Integrand  of  J  ,  L  ,  or  M 
simp! 1 f i es  considerably.  The  successful  application 
of  this  approach  on  three  different  specimen  con¬ 
figurations  has  been  described  in  Ref.  12  and  will 
be  summarized  here.  The  center-cracked  panel  speci¬ 
men  shown  In  Fig.  2  is  cnosen  for  illustration  pur¬ 
poses  because  it  shows  both  the  utility  of  the  M 
integral  and  the  simplification  along  a  special 
contour.  The  contour  used  proceeded  vertically 
along  the  edges  of  the  specimen  and  horizontally  a 
slight  distance  from  the  shoulder  as  shown.  By 
symmetry  it  is  only  necessary  to  consider  one 
quadrant.  Thus 

M  *  4<mab  +  mbc>  <6> 


where  M^g  and  Mgg  are  the  contributions  to  M 
of  paths  AB  and  BC  ,  respectively.  Note  that 
while  the  J  integral  would  not  be  useful  along  a 
closed  path  such  as  this  one  (it  would  vanish 
identically),  the  M  integral  gives  a  useful  result 
(see  Eq.  (4)  ). 
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Figure  2.  Center-cracked  specimen  used  for  M 
Integral  experiment. 

On  the  traction-free  vertical  edge  BC  , 

W  «  (E/2)e2y  and  x^ni  =  b  ,  so 


"BC 


'[■>  ■  if  4* 


(7) 


which  can  be  evaluated  using  either  strain  gages  or 
longitudinal  wave  ultrasonic  measurements.  Evalu¬ 
ation  of  MAr  Is  slightly  more  complicated,  but  it 
is  shown  in  Ref.  12  that  M^g  Is  approximately 
given  by 

P  hbP  4b 

MAB  =  - - +  —  (lUb.h)  -  Uv(0,h)]  (8) 

A  AE  3  y  y 

where  P  is  the  applied  load  and  A  is  the  cross- 
sectional  area  of  the  specimen.  Thus  evaluation  of 
Mar  requires  only  two  displacement  measurements, 
which  is  accomplished  using  linear  variable  differ¬ 
ential  transformers  (LVDTs).  With  the  specimen 
loaded  in  tension  to  30QQ0N  ,  the  M  integral  was 
experimentally  found  to  be  11.52N  .  The  theoreti¬ 
cal  value  for  M  was  found  in  plane  stress  using 

K2 

M  =  2aJ  =  2a  —  (9) 

E 

to  be  11.23N.  (The  discrepancy  is  3%  . )  This 
first  experiment  used  strain  gages  to  evalute  Mgg  . 
The  two  other  specimens  considered  were  an  edge 
cracked  specimen  loaded  in  uniaxial  tension  and  a 
specimen  with  free  edges  and  an  edge  notch  into 
which  a  wedge  was  forced.  The  0  Integral  was 
evaluated  for  the  former  specimen  and  the  M 
integral  for  the  latter  with  agreement  with  expected 
values  within  3%  and  12%  ,  respectively.  Again 
the  strain  gages  were  employed  in  these  experiments. 

Attempts  were  made  to  repeat  each  of  these 
experiments  using  longitudinal  wave  measurements 
with  disappointing  results.  The  difficulty  is  that 
evaluation  of  the  integrand  along  paths  such  as 
Mgc  above  requires,  theoretically,  measurements 
exactly  on  the  edge  of  the  specimen.  In  practice, 
measurements  are  made  slightly  inside  the  edge, 
and  the  velocity  measurements  arc  extrapolated  to 
the  edge.  The  results  were  erratic  and  depended  to 
a  great  extent  on  the  extrapolation  scheme  used. 

We  feel  this  is  because  the  theory  behind  our 
measurement  (Eq.  (1)  )  Is  not  valid  near  the  edge 
of  a  specimen,  and  there  are  effects  such  as  dif¬ 
fraction  which  must  be  accounted  for.  We  concluded 
that  this  approach  is  quite  useful  in  conjunction 
with  strain  gage  measurements  but  will  not  be  a 
fruitful  application  of  ultrasonic  measurements 
unless  the  difficulties  described  are  overcome. 

Longitudinal  Wave  Measurements  and  "Rescaling" 

A  method  has  been  derived  for  evaluation  of 
conservation  Integrals  solely  from  knowledge  of 
(°xx  +  ayy)  ln  a  re9i°n  In  the  vicinity  of  a  crack. 
This  method  Is  based  on  the  following  postulate: 
in  the  region  in  which  data  Is  taken,  it  is  assumed 
that  the  deformation  fields  in  the  body  vary  with 
position  in  a  geometrically  similar  manner  to  the 
stresses  In  an  analogously  loaded  Infinite  plate 
with  an  identical  crack.  This  assumption  is  con¬ 
ceptually  similar  to  that  originally  made  by 
Theocaris  and  Gdoutos“  in  photoelastlcally  evalu¬ 
ating  K]  ,  which  was  also  used  by  Hunter1"  to 
evaluate  K,  from  ultrasonic  data.  One  expects 
this  assumption  to  be  a  good  one  as  long  as  the 
data  is  taken  sufficiently  far  from  the  boundaries 
and  close  enough  to  the  crack.  Mathematically,  the 
assumption  is  stated  as  follows:  representing 
stresses  in  the  infinite  plate  by  a  superscript  "0", 
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the  Infinite  plate  solution  can  be  expressed  as 

a°j(x.y)  ■  aif ? j (x .y)  ;  “xyU.y)  ■  a^yU.y) 

(10) 

Assume  In  the  region  of  Interest  In  the  finite  body 
containing  a  crack  that 

°1j(x»y)  =  a2fij(x,y)  ,  oi^j(x,y)  =  a2g1j(x,y) 

(11) 


If  (0XX  +  Oyy) 

be  determined-! 


has  been  measured,  then  «2  can 


With  measured  values  of  (oxx  +  oyy)  available  at 
many  points,  the  value  of  a p  which  will  best  fit 
the  infinite  plate  solution  to  the  measured  data 
can  be  determined.  This  has  been  dubbed  the 
"rescaling"  method  because  it  involves  determination 
of  a  multiplicative  constant  used  to  "rescale"  the 
infinite  plate  stresses  and  rotations.  In  situa¬ 
tions  involving  more  complicated  far-fleld  loading, 
a  composite  infinite  plate  solution  made  up  of  sev¬ 
eral  superimposed  solutions  will  be  needed,  and 
simultaneous  adjustment  of  several  multiplicative 
constants  to  best  fit  the  composite  solution  to 
measured  data  will  be  recessary.  An  example  of 
this  is  shown  below. 


This  technique  has  been  successfully  applied 
on  three  different  specimen  geometries.  Each 
specimen  wasmadeof  aluminum  6061-T6  for  which  the 
B  constant  in  Eq.  (1)  had  previously  been  cali¬ 
brated.  The  experimental  procedure  in  each  case 
was  to  make  a  velocity  scan  in  a  region  of  the 
specimen  with  no  load  applied  and  repeat  the  scan 
underload  in  order  to  evaluate  relative  velocity 
change  with  stress  from  which  (oxx  +  ovv)  could 
be  evaluated  using  Eq.  (l). 


The  first  specimen  to  be  considered  was  the 
edge  cracked  panel  shown  in  Fig.  3  to  which  uni¬ 
axial  tension  was  applied.  The  ultrasonic  scanning 
was  performed  in  the  15  mm  square  region  shown  in 
the  vicinity  of  the  crack,  with  the  specimen 
unloaded  and  with  a  load  of  40000N  applied.  A 
computer  program  which  makes  use  of  the  rescaling 
method  and  the  elasticity  solution  for  an  infinite 
plate  with  semi-infinite  edge  crack  under  far  field 
tens1onl4  was  run  on  the  experimental  data  in  order 
to  evaluate  the  J  integral.  The  resulting  value 
of  J  was  6.35  N/mm  ,  which  compares  with  the 
theoretical  value  of  0  for  this  specimen  and 
loading  (J  =  5.83  N/mm)  within  9%  . 


In  a  second  experiment,  the  J  integral  was 
evaluated  for  the  center  cracked  panel  shown  in 
Fig.  4.  This  is  the  same  specimen  used  in  evalu¬ 
ating  the  M  integral  by  the  "special  contour" 
method  discussed  above  (Fig.  2).  With  (oxx  +  oyy) 
evaluated  experimentally  in  the  region  shown,  the7 
rescaling  method  was  used  in  conjunction  with  the 
solution  for  an  infinite  center  cracked  panel  under 
remote  tension. 1$  The  resulting  value  for  J  was 
1,91  N/mm  ,  which  agreed  with  the  theoretical  value 
(J  «  1.77  N/mm)  within  8%  . 


Figure  3.  Edge-cracked  panel  used  for  acoustic  J 
integral  experiment. 


Figure  4.  Center-cracked  specimen  used  for  acous¬ 
tic  J  integral  experiment. 

Finally,  the  specimen  with  slanted  central 
crack  shown  in  Fig.  5  was  considered.  When  this 
specimen  is  subject  to  uniaxial  tension,  the 
tractions  in  a  coordinate  system  normal  and  tangen¬ 
tial  to  the  crack  depicted  in  Fig.  6  result.  Thus 
an  infinite  plate  solution  involving  far  field 
biaxial  tension  and  shear  is  needed  and  obtained 
by  superposition  from  basic  solutions. ^  simul¬ 
taneous  adjustment  of  3  parameters  is  required 
to  apply  rescaling.  Both  the  J  integral  and  the 
L  integral  were  evaluated  in  this  fasbiofl.  The 
result  for  J  was  3.86  N/mm  ,  which  agrees  with 
the  theoretical  value  (J  =  ( +  Kn2)/E  « 

3.63  N/mm)  ,  within  6*  .  The  L  integral  was 
experimentally  found  to  be  44.65  N  .  The 
theoretical  value  is  found  using  the  relation8 
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-2aKu 

L  *  - -  (K,  +  cy,,^Ta)  (13) 

E  1 

to  be  36.3  .  The  discrepancy  between  these  two 
values  is  22  %  .  The  reason  for  the  larger  error 
in  evaluating  L  has  not  yet  been  ascertained. 


Figure  5.  Specimen  with  slanted  central  crack  used 
for  evaluating  J  and  1.  . 


Figure  6.  Remote  loading  of  crack  in  specimen  with 
slanted  crack. 


CONCLUSIONS 


Various  approaches  have  been  presented  for 
nondestructive  evaluation  of  conservation  integrals 
in  cracked  bodies.  The  most  versatile  of  these 
appears  to  be  the  simultaneous  use  of  shear  and 
longitudinal  waves,  but  this  requires  the  yet-to-be 
developed  capability  of  shear  wave  scanning. 

The  best  currently  available  method  appears  to 
be  the  use ‘of  longitudinal  waves  in  conjunction 
with  "rescaling".  It  was  seen  that  this  method 
worked  well  on  3  different  specimens  including  one 
involving  complicated  mixed  mode  deformation.  With 
improvement  in  measurement  technology  it  is  hoped 
this  metho*d  will  be  applicable  to  field  as  well  as 
laboratory  situations. 

All  the  experiments  presented  were  restricted 
to  linear  elastic  fracture  mechanics.  A  fruitful 
area  for  further  study  should  be  the  application  of 
the  techniques  presented  to  situations  Involving 


the  techniques  presented  to  situations  involving 
large  scale  elastic-plastic  deformation. 
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SUMMARY  DISCUSSION 


Otto  Buck,  Chairman  (Rockwell  Science  Center  [now  Ames  Laboratories]):  Any  questions? 

Kamel  Salama  (University  of  Houston):  In  determining  the  J  Integral,  Is  this  crack  15  millimeters  long? 
Richard  King  (Stanford  University):  The  crack  Is  10  millimeters  long. 


Kama!  Salama: 
Richard  King: 
KameT  Salama: 


And  you  have  to  determine  If  the  stress  Is  15  millimeters  on  Its  side? 
Yes. 

How  many  measurements  do  you  need 'to  take  In  this  square? 


Richard  King:  No  systematic  study  has  been  made  of  how  few  measurements  you  can  get  away  with.  We 

actually  just  did  It  at  1  millimeter  point  spacing  so  we  took  225  data  points;  but  I'm  sure  you 
can  get  by  with  much  fewer  than  that. 

Nell  Paton  (Science  Center):  The  theory  assumes  that  you  hav  an  elastically  Isotropic  material,  and  the 
material  you  have  Is  probably  not  exactly  Isotroi  Did  you  measure  what  the  departure  from 
Isotropy  was  and  could  that  explain  the  discrepancy  between  the  calculated  values  and  measured 
val ues? 


Richard  King:  That  might  be  part  of  It,  yes.  If  you  measure  that  B  constant  for  specimens  pulled 

parallel  to  the  grain  and  against  the  grain,  you  get  different  values.  As  a  matter  of  fact.  It 
can  differ  by  as  much  as  30  percent,  I  think,  and  that  has  not  been  taken  Into  account.  Our 
specimens  are  pulled  along  the  rolling  direction,  and  we  use  that  B  for  the  specimens  pulled 
along  the  rolling  direction.  And  yes.  If  we  do  take  that  anisotropy  Into  account,  that  might 
help. 

Another  thing  we're  just  recently  looking  into  Is  Inhomogeneity  in  the  B  constant.  We  assume 
It's  homogeneous  .throughout  the  specimen  and  we  can  just  get  by  with  one  uniaxial  tension 
measurement;  and  actually  we  found  It  does  vary  a  little  by  maybe  10  percent  throughout  a 
nominally  nonhomogeneous  specimen. 

Gary  Hawk  (Aerospace  Corporation):  How  large  a  velocity  change  do  you  measure? 

Richard  King:  Very  small  Indeed.  Relative  velocity  changes,  I  think,  are  down  to  one  part  10  to  the 
fourth. 

Chris  fortunko  (NBS) :  (Inaudible) 

Richard  King:  I'm  not  sure.  Well  the  B  constant,  and  you  can  work  backwards  from  that.  It's  of  the 
order  of  10  times  10  to  the  minus  six  per  megapascal. 

Roger  Chang  (Science  Center):  (Inaudible)  Very  small  cracks,  say,  50  microns? 

Richard  King:  I'm  not  certain.  We  haven't  given  any  thought  to  that. 

Gordon  Kino  (Stanford  University):  We  scale  It  up  in  frequency,  and  we  look  at  small  samples,  yes.  It 
should  apply.  But  the  definition  In  the  present  system  Is  on  tne  order,  at  best,  of  a 
millimeter  and  possibly  two  millimeters. 

Otto  Buck:  I  have  a  short  question  that  goes  back  to  a  question  after  the  first  one.  What  would  we  do 
experimentally  In  case  of  a  partial  crack?  Can  you  Imagine  doing  thermography;  doing  It  In 
case  of  a  partial  crack? 

Gordon  Kino:  We're  trying.  Let's  put  It  that  way. 

Otto  Buck:  Very  good  (laughter).  Thank  you  so  nuch. 

Richard  King:  Thank  you. 

Otto  Buck:  That's  very  Informative. 
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ABSTRACT 

Following  a  workshop  held  at  the  Rockwell  International  Science  Center,  Thousand  Oaks,  California  In 
January,  1979,  an  ad  hoc  planning  activity  was  undertaken  to  set  forth  a  program  plan  to  address  the 
needs  In  NDE  for  adhesive  bonded  structures.  The  objectives  of  the  planning  activity  were  to  develop  a 
program  rationale  and  strategy,  determine  the  existence  of  reasonable  approaches,  and  to  propose  a  de¬ 
tailed  plan  of  action  for  review  at  the  annual  DARPA/AF  meeting  In  September,  1979.  The  plan  encorqpas- 
ses  the  basic  elements  of  an  accept/reject  methodology  based  on  fracture  mechanics,  expected  develop¬ 
ments  of  valid  flaw  growth  models,  stress  analysis,  and  non-destructive  measurement  techniques.  A  cen¬ 
tral  Issue  Is  the  prospect  for  determining  a  valid  non-destructive  measure  of  strength  for  the  bonded 
joint  as  might  be  reflected  In  the  tendency  for  praexistent  flaws  to  propagate  under  environmental 
loads. 


I.  PROGRAM  SCOPE  AND  STRATEGY 

This  program  plan  Is  directed  toward  methods 
of  establishing  the  reliability  of  adhesive  bonds 
as  may  be  employed  In  primary  aircraft  structures. 
Similar  approaches  may  be  Inferred  for  fiber- 
reinforced  resin  matrix  composites  in  particular 
Instances  where  matrix-dominated  failure  modes  and 
delaminations  are  involved.  The  central  strategy 
for  the  plan  Is  based  on  the  concept  that  the 
structural  design  process  for  bonded  joints  must 
be  well-established  and  validated  in  order  that 
accept/reject  decisions  might  be  made  from  non¬ 
destructive  measurements  information.  The  plan  is 
presented  In  the  context  of  a  decision  methodol¬ 
ogy,  characterized  by  a  systems  approach,  which  is 
expected  to  provide  a  useful  framework  regardless 
of  the  state  of  development  of  the  various  system 
elements.  An  essential  prerequisite  Is  the  knowl¬ 
edge  of  primary  failure  Initiating  defects. 

A  search  of  field  repair  information  reveals 
that  a  very  high  percentage  of  adhesive  bond  fail¬ 
ures  experienced  on  aircraft  structures  to  date 
have  been  associated  with  local  damage  and  Intru¬ 
sion  of  the  environment  (usually  moisture).  While 
the  most  experience  has  been  gained  on  bonded  alu¬ 
minum  honeycomb  secondary  structure,  It  may  be 
reasonably  assumed  that  damage  and  environmental 
Intrusion  may  occur  at  the  edges  of  bonded  panels 
or  more  highly  loaded  primary  structural  joints. 

A  note  of  caution  which  should  be  added  on  possi¬ 
ble  inferences  from  field  experience  concerns  the 
more  recent  developments  In  pre-bonding  surface 
preparations  and  their  relationship  to  bond  dura¬ 
bility.  Prior  to  the  PABST'6*7'  program,  limited 
Information  existed  on  newer  surface  treatments, 
such  as  phosphoric  acid  anodization,  which  prom¬ 
ises  vast  Improvements  In  durability.  If  future 
bonded  joints  incorporate  these  treatments,  it  is 
possible  that  the  modes  of  joint  failure  may  dif¬ 
fer  from  those  shown  by  prior  field  experience. 

In  any  case,  flaws  are  likely  to  occur  from  a 
variety  of  sources  and  are  likely  to  grow  under 
operational  loads. 

Defects,  as  considered  In  this  plan,  are  as¬ 
sumed  to  include  a  range  of  geometrical  or  bounded 


defects  such  as  cracks  and  inclusions,  as  well  as 
boundaryless  defects  such  as  uncured  or  molstured- 
softened  adhesives.  The  Interaction  of  these 
"extrinsic"  or  bounded  flaws  with  the  "intrinsic" 
material  state  Is  often  a  necessary  consideration 
in  the  use  of  failure  models  Involving  polymeric 
materi  al  s . 

One  of  the  more  perplexing  issues  in  the  eval¬ 
uation  of  bonded  joint  reliability  Is  a  determina¬ 
tion  of  the  relative  importance  of  the  interface 
between  adherend  and  adhesive  and  the  condition  of 
the  adhesive  itself.  In  recent  years  the  designa¬ 
tion  "interphase"  is  often  employed,  since  the 
transition  from  adherend  to  adhesive  Is  frequently 
a  material  combination  of  finite  thickness,  how¬ 
ever,  ill-defined  for  analytical  purposes.  While 
some  program  suggestions  for  the  assessment  of  the 
structural  capability  of  the  Interphase  in  a  manu¬ 
factured  joint  might  be  made,  it  is  most  likely 
that  measurements  and  Intepretatlon  of  failure  in 
this  region  will  continue  to  be  a  doubtful  under¬ 
taking.  The  structural  reliability  of  the  Inter¬ 
phase  may  be  enhanced  by  the  careful  and  complete 
monitoring  of  prepared  adherend  surfaces  and  adhe¬ 
sives  before  the  joint  Is  formed  in  the  manufac¬ 
turing  process. 

An  operational  definition  of  strength  for  ad¬ 
hesive  bonds  is  needed  to  provide  a  figure  of 
merit  for  non-destructive  evaluation.  At  present 
no  single  strength  characteristic  may  be  uniquely 
defined.  As  an  operational  premise,  however, 
failure  will  be  defined  as  that  condition  In  which 
the  structure  has  lost  Its  ability  to  support  the 
■equlred  load.  Failures,  therefore,  may  occur  due 
r.o  growth  of  cracks,  and  due  to  geometric  Instabi¬ 
lities.  The  growth  of  a  crack  (disbond)  Is  pre¬ 
sumed  to  be  the  principal  failure  mechanism  of 
concern  in  adhesive  bonded  joints,  and  fracture 
mechanics  should  provide  material  factors  most 
likely  to  be  rated  as  measures  of  strength. 

As  a  point  of  Initial  departure,  the  summary 
statements  from  the  ARPA/AFML  workshop  held  on 
January  19,  1979,  will  be  used.  Six  areas  of 
investigation  were  listed  as  encompassing  the 
needed,  and  potentially  fruitful,  program 
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activities  leading  to  the  goal  of  reliable  ad¬ 
hesive  bonded  structures.  These  areas  were 
Identified  as  follows: 

1.  Flaw  growth  models  (plus  nucleatlon). 

2.  Stress  and  fracture  analysis. 

3.  Quality  control  for  bond  preparation. 

4.  Adhesive  bulk  property  measurement 
correlatable  with  strength. 

5.  Cure  state  monitor. 

6.  Development  and  refining  of  an  Integrated 
methodology. 

An  attempt  at  providing  a  methodolocy  as  re¬ 
quired  by  Item  6  above  was  made  In  the  form  of  a 
logic  flow  for  a  structural  reliability  system  as 
shown  In  Fig.  1. 


Fig.  1  Elements  of  a  life  prediction  methodology 
for  structural  adhesives. 

The  diagram  shown  In  Fig.  1  is  a  simplified 
schematic  system  showing  the  principal  elements  of 
the  structural  design  process.  Central  to  the  en¬ 
tire  methodology  Is  a  stress  analysis  which  ac¬ 
cepts  input  In  terms  of  part  geometry,  environ¬ 
mental  loads  and  a  quantitative  description  of  the 
material  properties  which  encompass  those  material 
characteristics  necessary  to  define  the  distribu¬ 
tion  of  stresses  throughout  the  part.  We  define 
this  set  of  material  properties  by  the  term 
response.  A  second  set  of  properties  of  equal 
Importance  In  the  strength  analysis  is  referred  to 
simply  as  failure.  A  proper  definition  of  a  fail¬ 
ure  "property"  would  fit  the  requirement  for  an 
operational  figure-of-merit  for  material  strength. 

The  failure  criteria  as  specified  in  the  dia¬ 
gram  is  an  analytical  statement  of  exceedance  In 
which  the  Intrinsic  failure  limit  of  a  material  is 
conpared  with  the  stress  and  strain  requirements 
generated  by  the  stress  analysis.  A  failure  model 
Is  Implied  In  which  critical  stresses  and/or 
strains  are  Incorporated  along  with  relevant  ma¬ 
terial  properties. 

The  output  of  the  strength  analysis  is  pre¬ 
sumed  to  be  a  structural  margin  of  safety  (M.S.) 
and  the  life  prediction  Is  then  based  upon  the 
timewise  projection  of  the  margin  In  zero.  Life 
prediction  assumes  that  the  mode  of  failure  Is 
known  and  has  been  Incorporated  In  the  failure 
criteria.  Each  structural  part  subjected  to  the 
analysis  Is  expected  to  demonstrate  particular 
failure  modes  under  the  operating  loads  when  the 
capability  of  the  structure  Is  exceeded.  Failure 
may  be  the  result  of  an  overload  or  of  degraded 
material  properties.  Exaggerated  loads  are  some¬ 
times  used  to  fall  parts  Intentionally  In  order  to 
more  clearly  define  potential  failure  modes.  This 
procedure  Is  called  overtesting. 


The  methodology  outlined  In  Fig.  1  may  be  used 
to  examine  the  non-destructive  evaluation  process 
for  adhesively  bonded  structures  In  terms  of 
needed  advances  In  measurement,  anlysls  and 
Interpretation  of  extrinsic  and  Intrinsic  flaws. 

As  described  thus  far  the  process  has  not 
accounted  for  elements  related  to  the  Inspection 
process  other  than  a  need  for  quantlfiedd  material 
properties,  loads  and  geometries.  It  was  stated 
earlier  that  fracture  mechanics  holds  promise  as 
an  approach  for  providing  figures  of  merit  for 
accept/reject  decisions.  In  the  context  of  the 
elements  shown  in  Fig.  1,  the  application  of 
fracture  mechanics  may  lead  to  a  failure  criterion 
based  on  flaw  growth  to  a  critical  size.  Using 
for  present  discussion  a  viscoelastic  analog  of 
the  Griffith  energy  balance  relationship,  l.e., 

E(t)v  (t) 

o  =  k/ - / -  (1) 

c  a 

where  oc  is  the  critical  stress  required  for  crack 
growth,  E(t)  is  a  time  dependent  modulus,  yc(t)  Is 
a  time  dependent  cohesive  fracture  energy,  _iMs  a 
crack  length,  and  k  Is  a  geometrical  factor,  we 
find  that  several  of  the  necessary  elements  for 
non-destructive  evaluation  are  specified.  The 
material  property  E(t)  representing  the  response 
and  yc(t)  representing  the  failure  characteristics 
indicated  In  Fig.  1  are  Incorporated  in  the  ex¬ 
pression,  as  well  as  crack  length  which  could  be 
the  object  of  definition  by  non-destructive  In¬ 
spection  methods.  Both  Eft)  and  yc(t)  may  be  con¬ 
sidered  material  properties  which  manifest  the 
existence  of  Intrinsic  flaws  as  discussed  earlier, 
as  possibly  related  to  poor  cure  or  moisture 
softening.  While  Eq.  (1)  may  not  be  a  suffici¬ 
ently  general  or  correct  statement  of  the  condi¬ 
tions  necessary  for  flaw  growth.  It  Is  Illustra¬ 
tive  of  the  kind  of  relationship  needed  for  this 
study.  Accepting  for  the  moment  that  non¬ 
destructive  Investigation  methods  are  available  to 
characterize  the  geometric  flaw,  the  Intrinsic 
property  Eft)  should  be  measurable  as  well  since 
it  reflects  a  small  deformation  response.  Dielec¬ 
tric  cure  monitors  are  typical  of  the  measurements 
which  provide  Information  or.  the  Intrinsic  state 
of  a  material,  non-destructlvely .  Unfortunately, 
the  determination  of  yc(t)  requires  a  series  of 
destructive  tests.  Since,  however,  both  Eft)  and 
Yc(t)  are  apparently  linked  by  the  same  physical 
mechanisms  which  determine  their  time-dependent 
character,  there  Is  si»ne  hope  that  Indirect 
assessments  of  yJt)  be  made  from  a  knowledge 
of  Eft). 

The  discussion  to  this  point  has  been  based 
entirely  on  a  deterministic  approach  to  failure 
prediction.  In  ary  real  case  the  bonded  joint 
will  contain  distributed  flaws,  and  both  material 
properties  and  loads  must  be  Interpreted  by  proba¬ 
bilistic  considerations.  Accept/reject  decisions 
will  be  based  on  measurable  conditions  of  crack 
size,  load  history  and  material  state,  all  viewed 
against  a  backdrop  concerned  with  the  probability 
of  failure.  The  generation  of  a  data  base  on  the 
distribution  of  naturally  occurring  flaws  forms  a 
part  of  the  program  methodology. 

II.  TECHNICAL  DISulSSION 

This  brief  discussion  treats  the  central  as¬ 
pects  of  reliability  In  adhesive  bonded  structures 
which  are  displayed  in  Fig.  1.  In  each  of  these 


areas  considerable  advances  In  design  concepts  and 
property  utilization  are  evident.  One  Issue  In 
any  newly  proposed  program  In  reliability  and  life 
assessment  of  adhesive  bonded  structures  Is  how  to 
Implement  already  available  analytical  tools. 

This  section  describes  an  approach  to  achieving 
this  Important  objective. 

A.  Background 

Load  transfer  between  the  adherend  and  adhe¬ 
sive  elements  of  a  bonded  structure  Is  accom- 


definlng  the  engineering  structural  property  of 
adhesive  Interlayers  using  low  cost  test 
methods.  A  thick  adherend  single-lap  shear  test, 
a  rectangular  butt  joint  tensile  test,  and  a  rec¬ 
tangular  scarf  joint  test  were  selected  and  ana¬ 
lyzed  by  Renton.''*'  The  stress-strain  properties 
of  FM73  and  FM400  (NARMCO  Dlv.,  Celenese  Corp.) 
structure  adhesives  were  evaluated  using  these 
three  test  geometries.  Based  on  limited  lata  a 
promising  correlation  between  adhesive  freD  film 
properties  and  thick  adherend  shear  test  data  was 
shown. 


pllshed  by  minute  differential  displacements 
between  these  elements.'1’21  Bonded  joints  cannot 
be  designed  on  the  basis  of  a  uniformly  stressed 
adhesive  over  the  entire  bonded  area.  In  regions 
of  high  stress,  typically  at  the  bond  edges  and  In 
the  immediate  vicinity  of  a  damaged  area  the  adhe¬ 
sive  may  be  loaded  beyond  its  elastic  yield  stress 
and  display  high  damping  and  fracture  energy  due 
to  viscous  flow  processes.  In  regions  of  low 
stress  normally  removed  some  distance  from  edges 
and  damage  zones  the  adhesive  layer  Is  below  Its 
yield  stress  and  displays  a  high  elastic  modulus 
and  creep  resistance  with  low  damping.  Figure  2a 
shows  a  profile  view  of  a  long  overlap  shear  joint 
with  plastic  stress  of  higher  magnitude  at  the 
bond  edges  and  elastic  stresses  of  lower  magnitude 
in  the  center  region  of  the  bond.  Figure  2b  shows 
a  short  overlap  shear  joint  in  which  the  stresses 
are  essentially  uniform  due  to  high  adherend 
stiffness  and  uniform  plastic  shear  stresses  are 
displayed  by  the  adhesive  Interlayer  over  the  en¬ 
tire  joint.  The  oversimplified  stress  profiles  of 
Fig.  2  Ignore  the  cleavage  (tension-compression) 
stress  distributions  which  are  highly  localized  at 
the  bond  edges  and  the  stress  distributions 
through  the  thickness  of  the  adhesive  layer  which 
are  known  to  strongly  affect. fatigue  life  of  an 
adhesively  bonded  structure.'3’1*' 


A.  long-  overlap 


-< - 

•  P/3. 
— - 


I  ADHESIVE 
1  SHEAR 
STRESS 


B.  SHORT  OVERLAP 

— rzz 


Studies  by  Clark  and  coworkers^  show  that 
the  most  prevalent  critical  bond  line  defects  are 
crack  like  voids,  circular  voids,  and  porosity, 
and  that  these  voids  can  be  detected  by  state-of- 
the-art  NDE  (non-destructive  evaluation).  Defects 
not  detected  by  state-of-the-art  NDE  such  as  weak 
bonds  due  to  surface  contamination,  and  improper 
adhesive  cure  state  were  excluded  from  study. 

These  studies  show  that  flaw  growth  initiates  in 
the  regions  of  high  stress  concentration  near  bond 
edges  and  flaws  and  that  this  growth  can  be  detec¬ 
ted  by  available  NDE  methodology.  Hot-humid  envi¬ 
ronments  and  low  cyclic  fatigue  rate  which  lower 
the  adhesive  elastic  yield  stress  promote  higher 
flaw  growth  rates.  This  study  also  showed  that 
regions  of  very  thin  bond  line  act  to  produce  ad¬ 
hesive  stress  concentrations  and  sites  of  selec¬ 
tive  crack  initiation  and  growth. 

The  Primary  Adhesive  Bonded  Structures  Tech¬ 
nology  Program  (PABST)  was  initiated  by  the  Air 
Force16’7'  to  demonstrate  adhesive  bonding  in 
highly  loaded,  primary  aircraft  structures.  In 
the  PABST  program  the  actual  stress-strain  re¬ 
sponse  of  the  adhesive  was  represented  by  an 
elastic-plastic  idealization  of  the  actual  shear 
stress-strain  curve*3’5'  as  shown  in  Fig.  3.  The 
idealized  stress-strain  response  (dashed  curve, 
Fig.  3)  describes  the  actual  failure  stress  and 
strain  of  the  adhesive  and  the  same  strain  energy 
to  failure  which  fixes  the  effective  initial 
elastic  modulus,  as  shown  in  Fig.  4  different  ad¬ 
hesives  can  shew  substantially  different  strength, 
extensibility  and  strain  energy  at  room  tempera¬ 
ture  due  to  differing  curve  structure  and  chemis¬ 
try.  At  different  temperatures,  as  shown  in 
Fig.  5,  a  ductile  adhesive  will  display  signifi¬ 
cant  changes  in  stress-strain  response  as  will 
also  occur  with  changes  in  moisture  content  and 
strain  rate.  The  data  summary  of  Table  1  shows 
that  two  to  three  fold  changes  in  ductile  adhesive 
strength  and  deformation  properties  are  encoun¬ 
tered  over  the  service  temperature  range  encoun¬ 
tered  in  the  PABST  design  and  test  program. 
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Fig.  2  Influence  of  lap  length  on  bond  stress 
distribution. 

Recent  studies  of  the  structural  properties  of 
adhesives  by  Renton'1*'  provide  new  recommendations 
for  adhesive  test  specimens  and  procedures  for 


Fig.  3  Elastic-plastic  idealization  of  adhesive 
shear  stress-strain  response. 
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(  a )  Tension  {mode  I) 

(b)  In-plane  shear  (mod*  II) 

(c)  Out-of-plane  shear  (mode  III) 


Fig.  4  Comparison  between  typical  shear  stress- 
strain  respones  of  brittle  and  ductile 
structural  adhesives. 


Fig.  5  Typical  effects  of  temperature  on  ductile 
adhesive  stress-strain  response. 


Table  1 

Typical  Adhesive  Properties  Used,  in  PABST 
Bonded  Joint  Analysis'5' 


Temperature  (°F) 

-50 

70 

140 

Effective  Shear 
Modulus  (psi) 

80,000 

70,000 

40,000 

Shear  Stiength 
(psi) 

6,000 

5,000 

2,500 

Yield  Strain 
(in/in)  =  (m/m) 

0.075 

0.071 

0.063 

Fracture  Strain 
(in/in)  =  (m/m) 

0.50 

1.00 

1.50 

As  mentioned  earlier,  the  failure  of  ductile 
adhesives  is  localized  at  the  regions  of  high 
stress  at  bond  edges  and  near  defect  regions. 
Fracture  mechanics  recognizes  and  treats  three 
macroscopic  modes  of  crack  tip  loading  as  shown  in 
the  upper  view  of  Fig.  6.  These  pure  modes  of 
crack  tip  loading  usually  appear  in  combined  form 
in  the  usual  fracture  tests  used  to  evaluate  adhe¬ 
sive  bond  strength  as  shown  in  the  lower  view  of 
Fig.  6. 

Assuming  an  idealized  fracture  mode  of  load¬ 
ing,  the  microscopic  process  by  which  adhesives 
undergo  failure  may  be  highly  heterogeneous  as 
illustrated  by  the  schematic  diagram  of  crazing  as 
shown  in  the  views  of  Fig.  7.  Structural  adhe 
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Lap  Shear 
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Fig.  6  Schematic  diagram  of  tension,  lap  shear, 
and  peel  tests  (lower  view)  and  principal 
fracture  mechanics  inodes  for  crack  propa¬ 
gation  analyses  (upper  view). 


sives  are  microscopically  heterogeneous  with  even 
unmodified  epo*y  networks  showing  evidence  of  two 
phase  structure  as  evidenced  by  a  modular  fracture 
surface.  Fracture  mechanics  analysis  is  only  re¬ 
cently  becoming  interested  in  the  role  of  adhesive 
morphology  on  fracture  energy,  fatigue  life  and 
structural  reliability.  The  intrinsic  scatter  in 
fatigue  lifetimes  may  be  dominantly  influenced  by 
the  samll  scale  micromorphology  of  the  adhesive 
phase  which  is  known  to  dramatically  influence 
fracture  energy  of  adhesive  joints. 


Fig.  7  Schematic  diagram  of  crazing  induced  by 
applying  tensile  force  to  a  polymer. 

Crazes  form  at  right  angles  to  the  direc¬ 
tion  of  stress. 

The  statistical  distribution  of  adhesive  joint 
strengths  (failure  load  per  bonded  area)  has  been 
shown  in  a  number  of  studies'8’5'  to  follow  the 
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standard  Wei bul  1  distribution  function.  The 
Wei  bull  function  reflects  an  extreme  value  statis¬ 
tic  which  attributes  failure  to  a  single  critical 
defect.  When  adhesive  bonded  structures  are  de¬ 
signed  for  high  structural  reliability  the  average 
bond  strength  (Survival  Probability  *  S  =  0.50)  Is 
much  less  significant  than  the  achieved  strength 
which  correlates  with  high  survival  probability 
0.99  >  S  <  1.00.  The  Important  Issues  of  adhesive 
and  joint  design  for  high  reliability  has  recently 
been  reviewed  by  Kaelble' 10* 11 1  as  part  of  a  De¬ 
fense  Advanced  Projects  Agency/ Air  Force  sponsored 
program.  Data  presented  In  this  review  shows  that 
epoxy  structural  adhesives  display  Welbull  distri¬ 
butions  for  cohesive  strength  In  free  film  form 
that  correlate  closely  with  Welbull  distributions 
of  lap  shear  strengths  for  epoxy  structural  adhe¬ 
sives  In  metal -to-metal  joints.  The  Intrinsic 
structural  defects  which  Initiate  the  cavitation 
and  crazing  process  shown  In  Fig.  7  become  the 
subject  of  materials  and  process  optimization  In  a 
generic  materials  fracture  properties  study  task. 

Joint  strength  and  the  distribution  of  joint 
strengths  needs  to  be  directly  related  to  micro¬ 
defect  properties  (size,  structure,  molecular 
force  character,  etc.)  and  the  Intrinsic 
distribution  of  these  properties.  In  other  words, 
the  lack  of  a  fundamental  materials  and  process 
related  understanding  and  control  of  Intrinsic 
craze  zone  Initiators  (see  Fig.  7)  will  continue 
to  lower  confidence  In  high  reliability 
performance  of  adhesive  bonded  structures. 

B.  Approach 

1.  Materials  Characterization 

A  minimum  listing  of  Important  subject  areas 
for  quantitative  materials  and  process  character¬ 
ization  Includes: 

1.  Prepared  surface  quality  assurance. 

2.  Interphase  property  measurement. 

3.  Adhesive  chemical  and  rheological 
characterization. 

4.  Bulk  properties  of  adhesive  In  the  joint. 

5.  Corrosion  processes. 

Materials  selection  and  process  optimization 
which  occurs  In  preliminary  structural  design 
makes  extensive  use  of  the  above  characteriza¬ 
tions.  This  type  of  quantitative  Information  Is 
only  recently  oelng  utilized  In  the  nondestructive 
evaluation  (NDE)  and  life  assessment  of  bonded 
structures.'10'11'  Key  detailed  materials  and 
process  characterization  road  maps  are  already 
developed  and  available  for  material  and  process 
characterization.  Figure  8  presents  a  detailed 
flaw  chart  and  methodology  for  quantitative  chem¬ 
ical  characterization  of  adhesives,  coatings,  and 
composite  matrix  materials  based  upon  epoxy  resin 
chemistry.  In  Fig.  9  a  detailed  flow  chart  for 
physical  and  mechanical  response  Is  presented. 

The  flow  chart  of  Fig.  9  Includes  studies  of 
hydrothermal  aging,  failure  surface  analysis  (low¬ 
er  section  Fig.  9)  which  Is  combined  with  data 
from  manufacturing  simulation  (upper  section 
Fig.  9).  These  data  are  combined  In  a  data  analy¬ 
sis  (lower  box  Fig.  9)  which  draws  upon  available 
structure  property  relations  to  replace  empirical 
correlations  with  failure  data  defined  by  discrete 
physical  or  chemical  processes. 
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Fig.  8  Chemical  analysis. 
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Fig.  9  Physical  and  mechanical  analysis. 
2.  Loads  Definition 


During  laboratory  Investigations  of  a  research 
or  development  nature  It  Is  customary,  if  not  man¬ 
datory,  to  deal  with  relatively  simple  loading 
situations.  Before  embarking  on  a  research  effort 
such  as  Is  before  us.  It  1$  Important,  however,  to 
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classify  the  types  of  loads  and  their  possible  ef¬ 
fects  on  bond  (strength)  performance. 

We  distinguish  two  Ingredients  In  the  descrip¬ 
tion,  of  loads  or  forces  acting  on  bond  geometries: 
a  spatial  distribution  of  forces  or  tractions  and 
their  time  hi  story  1  The  simplest  case  arises  In 
situations  leading  to  what  one  refers  to  as  pro¬ 
portional  loading:  this  type  of  loading  results  ~ 
when  the  distribution  of  forces  remains  Invariant 
In  time  but  the  magnitude  of  the  forces  or  trac¬ 
tions  vary.  For  example,  the  time-varying  pres¬ 
sure  ; 'on  of  a  fuselage  would  fall  Into  this 
cr.ir.  ■  special  case  results  when  constant 
1?"  vpliec  to  a  bonded  structure.  Most 

la.  .  »cory  tests  fall  In  this  category. 

Problems  associated  with  Non-proportional 
loading  are  more  difficult  to  deal  with,  both  ana¬ 
lytically  and  experimentally:  applied  force  dis¬ 
tributions  vary  with  time  and  must  be  reckoned 
within  realistic  use  environments.  An  example  of 
this  type  of  loading  Is  given  by  a  (bonded)  shaft 
that  is  first  loaded  In  axial  tension  and  then 
subjected  to  twist. 

With  regard  to  loading  histories  (under  pro¬ 
portional  or  non-proportional  loading)  one  dis¬ 
tinguishes  monotonic  loading  (continuously  in¬ 
creasing  or  decreasing  loads  with  time-constant 
loads  as  limit  cases)  and  non-monotonlc  loads. 

The  latter  are  either  of  a  cyclic  or  of  a  purely 
random  nature.  Cyclic  loads  are  relatively  easily 
applied  in  most  laboratory  environments  -ihen  they 
are  of  the  purely  sinusoidal  type  but  require  less 
readily  available  equipment  if  arbitrarily  varying 
proportional  loading  histories  are  required.  The 
latter  comprises  the  cases  of  random  loading  which 
are  particularly  difficult  to  deal  with  whenever 
one  Is  confronted  with  history-dependent  material 
behavior  such  as  results  with  the  use  of  polymeric 
bonding  agents. 

If  and  when  our  predictive  crpabllity  of  bond¬ 
ed  joint  behavior  progresses  to  the  point  where  we 
can  predetermine  failure  behavior  for  arbitrary 
load  distributions  and  histories,  such  distinc¬ 
tions  are  not  necessary.  However,  in  parallel  to 
the  failure  response  of  metal  structures  and  mono¬ 
lithic  polymer  structures,  we  anticipate  that  we 
shall  lack  this  complete  capability  for  more  time 
to  come;  as  a  result  we  shall  have  to  be  continu¬ 
ously  aware  of  the  possibility  of  different  defor¬ 
mation  and  failure  responses  as  a  result  of  dif¬ 
ferent  load  histories. 

So  far,  we  have  dealt  here  with  applied  mechan¬ 
ical  forces.  It  Is  equally  Important  to  consider 
forces  Induced  In  bonded  joints  during  exposure  to 
varying  environment.  Normal  dilation,  either  as  a 
result  of  polymer-cure  or  of  normal  changes  during 
use;  cure-shrinkage;  and  swelling  due  to  weather 
or  other  solvent  Infusion  are  factors  that  give 
rise  to  mechanical  forces  acting  on  the  bond  line. 
To  date  little  more  than  lip-service  has  been  given 
to  the  recognition  of  these  facts,  but  we  think 
that  the  time  Is  here  when  the  latter,  seemingly 
less  Important  factors  In  bond  loading,  are  as¬ 
sessed,  particular  attention  being  given  to  their 
effect  on  the  long-range  performance  of  bonds. 

3.  Stress  Analysis 

As  for  the  performance  analysis  of  any  load- 
bearing  structure,  a  stress  and  deformation  ana¬ 
lysis  Is  a  necessary  ingredient  to  a  life  and 


failure  estimate.  Today  all  fracture  and  defor¬ 
mation  failures  are  based  on  concepts  evaluated 
within  frameworks  of  solid  mechanics  analyses  of 
varying  degrees  of  refinement.  The  degrees  of 
analysis  sophistication  Is  often  a  somewhat  debat¬ 
able  Issue.  Most  often  It  Is  clear  that  a  simple 
P-over-A  analysis  does  not  form  a  sufficient  cri¬ 
terion  and  an  extremely  refined  fracture  analysis 
with  mlcrostructural  material  refinements  at  the 
crack  tip  would  represent  “over-kill/  While  It 
has  become  obvious  that  a  simple  P-over-A  analysis 
Is  Insufficient  for  design  purposes,  the  question 
as  to  what  constitutes  sufficient  analysis  proce¬ 
dures  Is  yet  being  debated.  No  doubt  that  ques¬ 
tion  will  be  answered  progressively  and  through 
trial -and-error  procedures  In  an  engineering  way. 

We  distinguish  historically  two  types  of  ana¬ 
lyses:  those  that  deal  with  stress  conponents 
averaged  over  the  thickness  of  the  bond,  termed 
for  present  purposes  "thickness-averaged  stress 
analyses,"  and  those  In  which  attention  Is  paid  to 
the  detailed  distribution  that  Is  resolved 
throughout  the  bond  thickness.  It  Is  our  opinion 
that  only  the  latter  type  of  analysis  has  promise 
of  aiding  in  the  formulation  of  a  framework  of 
predictive  failure  analysis.  That  this  Is  so  Is 
readily  apparent  when  one  Inspects  newly  bonded 
test  samples  which  have  been  loaded  without  Induc¬ 
ing  gross  failure.  Fractures  are  observed  readily 
in  regions  of  stress  concentrations  which  are 
clearly  not  identified  by  a  thickness-averaged 
analysis. 

There  are  several  high  stress  regions  that 
figure  prominently  In  a  bonded  joint:  edges  and 
corners  at  adherend-to-adheslve  Interfaces  develop 
high  stresses  due  to  material  discontinuities. 
Within  the  assumptions  underlying  linearly 
(visco)-elastic  analyses,  the  stresses  may  become 
unbounded  at  certain  points.  While  the  unbounded¬ 
ness  Is  a  consequence  of  the  linearity  assumption 
and  does  not  exist  In  reality,  to  Ignore  the  loca¬ 
tion  of  these  excessively  high  stress  regions  as 
the  thickness-averaqed  analysis  would  do  would  be 
folly. 

When  failure  proceeds  by  the  propagation  of 
crack,  the  stresses  at  the  tip  of  that  crack  are 
again  very  high  and,  again  within  the  framework  of 
linearly  (visco)-elastlc  stress  analysis,  their 
character  depends  on  whether  the  crack  tip  Is  lo¬ 
cated  at  the  Interface  or  Is  embedded  In  the  adhe¬ 
sive.  Interface  (or  interphase)  cracks  exhibit  an 
oscillatory  crack  tip  stress  field  that  Is  not 
supported  by  physical  reasoning  and  Is  due  to  the 
linearization  of  the  problem.  At  any  rate,  the 
domain  In  which  this  anomalous  stress-field  be¬ 
havior  acts  Is  so  small  that,  from  a  practical 
point  of  view,  It  Is  most  probably  unimportant. 

Most  practical  bonded  joints  employ  adhesive 
on  a  carrier  or  scrim  cloth.  The  adhesive 
interlayer  Is  thus  really  a  composite  and 
inhomogeneous  matelal,  and  It  Is  not  clear  at  this 
time  under  which  circumstances  this  fact  can  be 
neglected  or  must  be  accounted  for. 

In  connection  with  cracked  bond  lines  a  way  of 
structural  failure  analysis  has  developed  which  we 
term,  for  lack  of  a  better  term,  "thickness- 
averaged  fracture  mechanics."  We  mention  this 
here  because  of  the  Implication  for  the  requisite 
stress  analysis.  In  this  approach  to  the  bond 
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to  the  thickness  of  the  bond;  they  may  be  useful 
in  verifying  the  surface  strain  distribution  In 
thin  adherends.  Other  than  that,  one  Is  bound  to 
rely  on  displacement  measurements.  These  may  be 
checked  at  particular  points  with  various  dis¬ 
placement  gages,  or  possibly  In  limited  regions, 
by  optical  interferometry  or  speckle  Interferom¬ 
etry.  Verification  of  deformation  in  highly 
stressed  domains  promises  to  be  very  difficult  In 
realistically  dimensioned  joints  because  the 
regions  in  which  they  occur  are  so  small. 

4.  Failure  Modelling 


failure  problem,  the  adhesive  layer  and  Its  re¬ 
sponse  Is  Ignored.  The  attendant  stress  analysis 
Is  thus  confined  to  adherends  and  the  adhesive 
layer  merely  serves  as  a  guide  for  the  propagation 
of  the  crack. 

In  opposition  to  this  simplification  we  must 
recognize  that  the  stress  fields  In  bonded  joints 
have  three-dimensional  character.  No  more  is  this 
obvious  than  when  one  observes  the  distinct  fail¬ 
ure  pa'tterns  In  laboratory  specimens  which  arise 
from  these  three-dimensional  stress  fields.  Such 
facts  not  withstanding,  one  Is  most  likely  forced 
to  extract  maximal  information  out  of  two- 
dimensional  analyses,  be  they  of  a  closed  form  or 
other  analytical  nature  or  derived  from  finite 
element  loads. 

In  most  engineering  fields  drawing  on  struc¬ 
tural  or  continuum  stress  analyses,  there  exists  a 
body  of  Information  on  characteristics  of  stress 
distributions.  Stress  analysis  of  bonded  joints 
has  been  a  stepchild  of  bond  strength  Investiga¬ 
tors,  primarily  because  their  background  did  not 
point  up  the  need  for  an  improved  understanding  of 
that  aspect  in  joint  failure  prediction.  As  a 
result  we  are,  at  present,  short  of  a  body  of 
stress  analysis  results.  It  Is  not  that  we  lack 
the  capability;  It  is  merely  that  that  capability 
has  not  been  exercised  enough.  No  doubt  that 
deficiency  will  be  removed  as  time  goes  on. 

It  may  be  Illustrative  to  relate  experience  In 
this  regard  that  comes  from  our  early  experience 
with  engineering  of  solid  propellant  rocket 
motors.  Analysis  tools  were  being  developed  or 
were  available  as  they  aro  now.  However,  we 
learned  that  for  certain  configurations  Involving 
high  volume  constraint,  standard  notions  of  stress 
distributions  were  rather  Inadequate  (for  nearly 
Incompressible  solids).  Bonded  joints  place  simi¬ 
larly  high  deformation  constraints  on  the  adhe¬ 
sive;  the  consequences  of  this  are  not  explored 
nor  understood.  Recent  results  In  failure  studies 
simulating  long-time  endurance  failure  Indicate 
that  such  effects  are  Important.  In  another  In¬ 
stance  the  common  notion  of  what  constitutes 
"rigid"  adherends  relative  to  the  adhesive  has 
been  questioned. 

These  Isolated  examples  of  deviations  in 
stress  distribution  from  an  apparently  accepted 
norm  make  us  believe  that  attention  needs  to  be 
focused  on  this  area. 

A  discussion  of  stress  analyses  and  their  ap¬ 
plication  to  bonded  joint  failure  prediction  would 
not  be  complete  without  calling  attention  to  the 
need  for  stress  analysis  validation.  Specifi¬ 
cally,  one  Is  here  concerned  with  examining  In 
which  respect,  and  by  how  much,  any  assumptions 
underlying  currently  available  analysis  codes 
(linearly  elastic,  elastic-plastic)  violate  or 
corroborate  the  physical  situation.  In  particu¬ 
lar,  our  visco-elastic  stress  analysis  capability 
Is  very  limited  and  assumptions  In  this  regard  are 
even  more  In  need  of  checking  than  those  already 
mentioned. 

Since  stresses  cannot  be  measured  directly, 
any  validation  procedure  must  Involve  the  compari¬ 
son  of  a  displacement  field  resulting  from  theory 
and  experiment.  Strain  gages  are,  in  general,  of 
little  usefulness  because  they  are  large  compared 


He  consider  two  basic  types  of  structural 
failure:  (a)  loss  of  ability  of  a  structure  to 
carry  an  assigned  load  and  (b)  excessive  deforma¬ 
tion.  The  latter  failure  mode  is  analyzed  and 
predicted  completely  by  a  component  stress  analy¬ 
sis  (probably  not  a  linear  analysis)  and  we  there¬ 
fore  point  out  ur  -  more  the  need  for  advances  In 
our  capability  to  successfully  deal  with  deforma¬ 
tion  analyses  of  structural  bonds.  We  shall  not 
concern  ourselves  with  this  aspect  of  failure  In 
this  section. 

The  loss  of  load  carrying  ability  of  a  bond  Is 
(apart  from  problems  derived  from  extreme  flow  of 
the  adhesive)  clearly  tied  to  fracture.  Therefore 
an  analysis  of  failure  in  bonded  Joints  is  almost 
synonymous  with  the  steady  fracture  progression  In 
a  special  class  of  structures. 

The  problem  of  bond  strength  has  been  investi¬ 
gated  for  a  long  time.  Most  of  that  effort  In  the 
past  has  been  spent  on  developlnng  "better  adhe¬ 
sives"'12'!1*'  or  studying  the  interface  prob¬ 
lem.'1'*'17'  Less  attention  has  been  directed  to¬ 
wards  the  mechanics  of  the. failure  process  In  the 
bond-joint  geometry 1 8-20  )  Because  of  Its  prom¬ 
ise  as  an  effective  and  efficient  construction 
method  and  because  of  a  basic  lack  of  understand¬ 
ing  of  joint  strength  In  spite  of  the  extensive 
chemistry  related  research,  the  mechanics  aspects 
of  the  problem  are  now  being  exercised  more  Inten¬ 
sively.  In  that  connection  several  basic  problems 
have  been  posed,  none  of  which  are  resolved  In  a 
satisfactory  manner  though  ongoing  work  is  making 
strides  towards  practical  solutions.  Today,  the 
failure  of  bonded  joints  Is  approached  largely 
through. the  problem  of  peel  testing  or  the  one 
hand1*1'  and  through  what  we  have  referred  to  as 
thickness-averaged  fracture  mechanics  on  the 
other.  Peel  is  often  associated  with  soft  adhe¬ 
sives  and  thickness-averaged  fracture  mechanics 
with  rigid  adhesives,  although  that  distinction  is 
not  systematically  adhered  to,  since  peel  tests 
are  also  used  to  evaluate  rigid  adhesives. 


The  two  approaches  differ  primarily  with  re¬ 
spect  to  the  choice  of  the  test  geometry.  Peel 
approaches  the  adhesion  problem  by  specifying 
relatively  thin  adherends  which  undergo  large 
(elastic  or  elasto-plastlc)  deformations  (see 
Fig.  10).  Test  results  or  analyses  are  concerned 
with  net  forces  acting  on  the  adhesive  system  and 
the  resulting  deformations  with  no  or  a  minimum  of 
attention  paid  to  the  detailed  process  In  the  ad¬ 
hesive.  Thickness-averaged  fracture  mechanics 
deals  primarily  with  (two-dimensional)  plate  or 
beamllke  geometries,  two  pieces  of  plate  being 
joined  along  a  line  by  an  adhesive  layer  (see 
Fig.  11),  Since  the  adhesive  layer  Is  usually 
thin  compared  to  the  thickness  of  the  plates  the 
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that  such  Indiscriminate  use  of  bond  strength  test 
results  Is  potentially  dangerous.  In  other  words, 
since  bonding  Is  applied  to  structural  adherends 
of  widely  varying  thicknesses  neither  the  condi¬ 
tions  commensurate  with  peel  nor  thickness- 
averaged  fracture  mechnanlcs  prevail.  It  appears 
mandatory  therefou-*,  examine  the  conditions  that 
lead  to  joint  fracture  In  more  detail  than  either 
the  peel  mode  or  thickness-averaged  fracture  me¬ 
chanics  can  portray. 

In  order  not  to  mislead  the  reader,  we  should 
mention  here  that  mathematical  analyses  are  being 
made  for  layered  elastic  systems  wherein  one  or 
more  layers  contain  cracks.  Such  problems  are  In¬ 
tended  to  model  the  formation  and  propagation  of 
cracks  In  adhesive  layers  and  thus  the  part  of  the 
Initial  process  of  the  adhesion  failure.  For  ana¬ 
lytical  reasons  the  geometries  are  simple  and  of 
the  type  shown  In  Fig.  12.  While  these  geometries 
appear  reasonable  choices,  they  are  not  necessar¬ 
ily  based  on  observations  preceding  joint  frac¬ 
ture.  What  concerns  us  Is  not  so  much  the  neces¬ 
sary  simplicity  In  the  analytical  modelling  but 
the  prospect  that  this  assumed  simplicity  preju¬ 
dices  the  Interpretation  of  the  fracture  process 
which  Interpretation  should  be  derived  from  direct 
observation  preceding  any  modelling  and  analysis. 


Fig.  11  Standard  test  geometry  used  for  thick¬ 
ness-averaged  fracture  mechanics. 

thickness  of  the  adhesive  layer  is  deemed  negligi¬ 
ble,  thus  reducing  the  plate  problem  to  the  frac¬ 
ture  of  a  homogeneous  plate  containing  a  weak  in¬ 
ternal  material  plane.  The  problem  Is  then  fur¬ 
ther  analyzed  by  fracture  mechanics  concepts  de¬ 
veloped  for  homogeneous  solids  and  defining  aver¬ 
age  properties  for  the  adhesive  layers.  While 
this  appears  on  first  sight  a  very  reasonable  ap¬ 
proach  to  a  complicated  problem,  we  shall  see 
later  that  there  are  pitfalls  Inherent  In  this  ap¬ 
proach.  Suffice  it  to  say  here  that  thickness- 
averaged  fracture  mechanics  makes  certain  fracture 
parameters  a  function  of  bond  thickness  whereas  In 
ordinary  fracture  mechanics  such  quantities  are 
interpreted  as  material  constants.  This  limita¬ 
tion  poses  special  difficulties  In  a  technology 
where  bond  thickness  variations  are  a  fact  of 
life,  and  where  the  variations  may  have  to  be 
carefully  measured  post  factor  (by  ultra 
sonlcs?).  If  time- dependent  adhesive  properties 
must  be  considered,  such  parameters  become  rate- 
or  time-dependent  quantities  which,  in  the  context 
of  thickness-averaged  fracture  mechanics,  would  be 
functions  of  the  bond  line  thickness  also.  Both 
the  approaches  of  peel  and  of  thickness-averaged 
fracture  mechanics  to  bond  fracture  have  in  common 
that  they  neglect,  by  and  large,  the  details  of 
the  processes  In  the  adhesive  Itself.  Beyond  this 
similarity  there  has  apparently  not  been  estab¬ 
lished  any  quantitative  relation  between  peel  and 
thickness-averaged  fracture  mechanics.  In  fact, 
we  are  not  aware  of  that  question  being  raised. 
Instead  we  experience  laboratory  tests  employing 
either  approach  and  application  of  the  resulting 
data  to  design  problems  that  Involve  geometries 
somewhat  Intermediate  to  those  characteristics  of 
peel  and  thickness-averaged  fracture  mechanics. 
Since  the  peel  mode  Involves  large  deformations, 
in  particular  much  larger  than  those  Involved  in 
thickness-averaged  fracture  mechanics,  It  Is  clear 


Interface  unbond 
two-dimensional 
or  penny-shaped 
unbond 


Embedded  crack 
two-dimensional 
or  penny-shaped 
(penny-shaped  crack 
on  bond  midplane) 


Fig.  12  Two-dimensional  bond  fracture 
geometerles. 

Connected  with  this  concern  Is  the  observation 
that  virtually  all  Information  on  the  fracture 
process  Is  derived  from  the  post  facto  appearance 
of  the  fractured  joint.  Reconstruction  of  the 
fracture  process  Is  thus  often  made  ambiguous 
because  the  source  of  fracture  surface  features 
are  second-guessed.  The  need  to  Intensify  work  on 
f ractographic  studies  Is  pointed  out  later. 

There  does  not  exist  to  date  a  nearly  compre¬ 
hensive  theory  of  bond  fracture.  However,  once 
one  decides  that  a  quantitative  account  of  the 
failure  process  Is  Imperative  for  a  predictive 
failure  theory,  one  needs  to  cope  with  the  fact 
that  cracks  exist  In  many  shapes  and  forms  and  can 
respond  in  different  ways,  depending  on  the  ap¬ 
plied  loads. 

Flaws  or  cracks  may  pre-exist  in  a  bond  as 
manufacturing  defects  or  may  develop  under  load¬ 
ing.  Cracks  located  In  the  interior  of  a  bond 
area  are  less  detrimental  than  those  located  near 
edges  or  In  stress  singularities.  Apparently  In¬ 
terior  flaws  have  little  effect  on  the  strength  of 
a  new  or  intact  joint.  This  is  so  because  by  far 
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most  of  the  load  transfer  In  bond-parallel  loading 
Is  effected  near  the  bond  ends.  The  severity  of 
flaws  In  a  structural  Integrity  sense  depends  thus 
on  Its  location  relative  to  the  (current)  bond 
end.  If  cracks  grow  from  the  edge,  an  Interior 
flaw  becomes  thus  more  critical. 

In  principle  the  Ideas  of  fracture  mechanics 
are  equally  applicable  to  bonded  joints  as  they 
are  to  monolithic  structures.  The  differences 
enter  through  the  materials,  In  particular  poly¬ 
mers,  which  are  not  part  of  a  standard  engineering 
repertoire,  and  through  difference  In  geometries. 
The  lavter,  especially  through  the  ubiquitous 
Interface  boundaries  In  joint  geometries,  compli¬ 
cate  matters. 


Some  other  features,  not  normally  observed  In 
monolithic  fractures,  need  to  be  pointed  out.  In 
terms  of  a  standard  test  geometry,  a  smooth  crack 
front  Is  expected  as  depicted  In  Fig.  13.  How¬ 
ever,  It  can  be  shown  that  In  slow  model  tests  a 
crack  may  not  propagate  with  a  smooth  front.  In¬ 
stead  the  crack  front  appears  (In  plain  view)  as 
In  Fig.  14.  It  appears  thus  that  present  test 
methods,  which  are  geared  to  relatively  short-term 
data  gathering,  could  easily  (and  probably  will) 
misrepresent  failure  modes  encountered  under  long¬ 
time  loading.  The  Interaction  of  the  crack  tip 
stress  field  with  the  bond  Interfaces  gives  rise 
to  changes  In  the  crack  path  direction,  especially 
when  coupled  with  non-proportional  loading.  For 
example,  depending  on  the  loading  on  an  adhesive 
bond,  a  centrally  located  crack  may  grow  ^o  the 
Interface.  An  understanding  of  whether  It  stops 
or  grows  along  the  interface  requires  a  fracture 
criterion  that  Is  more  general  than  those  devel¬ 
oped  for  cracks  propagating  along  their  original 
axis  or  In  their  original  plane. 


In  standard  tet 


Fig.  14  "Finger"  development  at  front  of  unbond 
"Finger"  spacing  Is  very  regular,  shown 
approximately  to  scale. 

The  (two-dimensional)  problem  of  crack  exten¬ 
sion  under  loads  such  that  the  extension  makes 
some  angle  with  the  original  crack  has  been  solved 
for  the  homogeneous  solid.  Figure  15  shows  the 
geometry  before  (a)  and  after  ( b)  crack  extension 
by  a  small  amount  ac.  The  criterion  for  the 
critical  load  at  which  the  crack  extends  as  well 
as  the  direction  Is  based  on  an  argument  of  max¬ 
imal  energy  release  in  the  crack  propagation  pro¬ 
cess.  The  ratio  of  difference  In  the  (negative) 


Fig.  15  Non-linear  crack  growth. 

potential  energy  between  the  original  and  crack- 
extended  geometry  and  the  extension  ac  Is  maxi¬ 
mized  to  determine  the  orientation  of  the  crack 
extension  for  a  limit  ac  +  0.  The  crack  Is  judged 
to  propagate  when  this  maximal  energy  release  ratt 
was  just  equal  to  the  (constant)  Intrinsic  frac¬ 
ture  energy  of  the  material.'22' 

The  Interesting  result  of  such  a  rather  diffi¬ 
cult  energy  analysis  Is  that  the  much  simpler  ap¬ 
proximate  stress  criterion  gaye  closely  the  same 
result:  The  stress  criterion'23'  asserts  that 
fracture  occurs  along  that  ray  emanating  from  the 
crack  tip  normal  to  which  the  tensile  stress  at¬ 
tains  a  maximum  value  with  respect  to  angular  ori¬ 
entation  of  the  ray.  Crack  growth  starts  when  the 
stress  Intensity  associated  with  this  maximum 
stress  reaches  a  critical  value.  As  a  result  of 
this  favorable  comparison,  an  extension  of  the 
stress  criterion  for  brittle  fracture  can  be  made 
to  crack  extension  under  arbitrary  loading.  A  key 
development  In  that  extension  to  fracture  develop¬ 
ment  In  a  three-dimensional  context  rested  heavily 
on  the  experimental  findings'21*'  that  under  a  mode 
III  (antiplane  shear)  loading  a  crack  does  not 
propagate  along  Its  original  plane  but  develops 
crack  extensions  that  spiral  from  one  of  the  Ini¬ 
tial  crack  surfaces  around  the  crack  front  to  the 
other  crack  surface  In  a  somewhat  helical  path 
(see  Fig.  16).  The  resulting  crack-extended 
geometry  is  distinctly  three-dimensional. 


Fig.  16  Cracks  generated  In  anti plane  shear. 


It  follows  from  the  two-dimensional  energy 
analysis  results  --  which  conpare  well  with  care¬ 
ful  experiments  —  and  from  the  just-mentioned 
findings  In  mode  III  failure,  that  the  extension 
of  cracks  under  general  loading  should  not  be  ana¬ 
lyzed  by  methods  which  assume  the  growth  process 
to  occur  in  the  plane  of  the  original  crack. 

We  turn  now  to  a  discussion  of  phenomena  in 
fracture  modelling  that  are  concerned  with  time 
dependence  of  the  process. 
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1)  Time  dependent  fracture.  The  time 
dependence  of  the  failure  process  may  have  several 
causes.  Among  these  the 

a)  Viscoelastic  properties  of  the  adhesive 
certainly  play  a  dominant  role.  While  to  date 
"rigid"  adhesives  are  treated  (almost?)  Invariably 
as  time  Independent,  recent  tests  on  typical  (sup¬ 
posedly  rate-insensitive)  adhesives  have  been 
shown  to  exhibit  a  surprising  amount  of  stress  re¬ 
laxation  (on  tbe  order  to  10  -  20%)  within  minutes 
of  test  start.'25'  In  the  same  vein  It  Is  known 
that  bonds  lose  a  significant  amount  of  load¬ 
carrying  ability  in  a  few  days’  loading;  this  ob¬ 
servation  points  to  significant  viscoelastic  In¬ 
fluence,  too.  For  this  reason  It  Is  necessary  to 
characterize  the  viscoelastic  behavior  of  any 
adhesive. 

b)  Rate  dependence  Influenced  by  the. 
eometry .  It  Ts  a  wen-documented  fact* '  that 
n"  peel  experiments  the  path  of  fracture  moves 

from  a  Intra-adhesive  location  at  high  rates  of 
failure  propagation  (low  temperature)  to  an 
(apparent?)  Interface  failure  at  low  rates  of 
failure  growth  (high  temperature).  Beyond  the 
suggestion  that  intra-adhesive  failure  is  the  re¬ 
sult  of  void  formation  and  coalescence  (when  un- 
crossllnked  adhesives  are  used),  which  void  forma¬ 
tion  does  not  occur  in  near-interface  failure, 
this  phenomenon  is  not  understood.  Gent  and 
Petri ch' 27 '  even  contend  that  cavitation  may  not 
be  responsible  for  the  change  In  failure  mode. 

A  plausible  explanation  of  this  phenomenon  In 
connection  with  relatively  rigid  adhesives  appears 
to  be  related  to  a  combination  of  non-linear 
material  behavior  and  the  geometry. 

The  high  stresses  at  the  tip  of  a  crack  or  un¬ 
bond  cause  a  local  mechanical  degradation.  This 
Irreversible  damage  occurs  in  a  limited  zone,  say 
a  typical  dimension  a.  If  the  crack  Is  embedded 
in  a  solid  with  all  geometric  dimensions  large 
compared  to  awe  speak  of  small-scale  damage  (in 
metals:  small-scale  yielding).  For  small-scale 
damage  fracture  characterization  can  be  accom¬ 
plished  In  terms  of  a  single  parameter,  the  stress 
intensity  factor,  say,  without  reference  to  the 
size  of  a  of  the  damage  zone.  This  is  so  because 
in  a  characterization  test  the  geometry  is  taken 
so  that  does  not  enter  the  considerations.  As 
long  as  the  critical  stress  intensity  factor  cri¬ 
terion  is  applied  to  geometries  in  which  a  Is 
small  compared  to  all  other  dimensions,  this  par¬ 
ameter  need  not  be  considered. 

In  this  connection  we  need  to  mention  a  phe¬ 
nomenon  observed  In  fatigue  failures.  When  a  bond 
Is  subjected  to  "small"  cyclic  loads  (fatigue), 
fracture  occurs  along  an  Interface;  but  when  the 
crack  has  grown  to  sufficiently  large  dimensions 
so  that  "catastrophic"  failure  sets  In,  then  crack 
propagation  occurs  through  the  center  of  the  bond 
(scrim  area).  What  happens  apparently  Is  that 
during  the  (low  level)  fatigue  loading,  the  zone 
at  the  crack  front  is  small  enough  not  to  play  a 
significant  role  In  the  stress  distribution.  When 
the  load  transmitted  to  the  crack-tip  in  the  final 
stages  becomes  large  as  catastrophic  fracture  ap¬ 
proaches,  that  Is  no  longer  the  case. 

c)  Initial  propagation  and  other  transient 
histories  of  growth.  To  date,  problems  In  vlsco- 


elastlc  fracture  and  unbonding  have  been  con¬ 
sidered  primarily  In  the  context  of  steady  crack¬ 
ing  rates.  From  this  viewpoint  the  rate  of  crack 
growth  Is  essentially  a  function  of  the  Instan¬ 
taneous  stress  Intensity  factor.  Cracks  and  un¬ 
bonds  are  observed  to  start  propagating  with  time 
delay  after  load  application.  In  some  highly 
crossl Inked  materials  this  delay  can  be  Interpre¬ 
ted  simply  as  the  time  required  to  increase  the 
stress  Intensity  to  the  point  where  the  flaw 
growth  accelerates  to  a  measurable  rate.  On  the 
other  hand,  the  deformation  and  degradation  of  the 
material  at  the  crack  tip  Is  time  dependent  so 
that  some  of  the  delay  is  attributable  to  deforma¬ 
tion  without  flaw  growth.  Similar  phenomena  must 
occur  under  (transient)  cyclic  loading  when  the 
flaw  grows,  on  the  average,  less  than  the  length 
of  the  damage  zone  (long-time  fatigue).  We  thus 
face  a  question,  the  answer  to  which  Is  Important 
in  structural  life  prediction:  Is  a  substantial 
portion  of  the  structural  life  taken  up  by  proc¬ 
esses  to  get  the  flaw  to  a  growth  stage  or  Is  the 
life  determined  (almost  entirely?)  by  Its  growth 
rate?  The  answer  is  vitally  Important  In  con¬ 
nection  with  fatigue  of  polymers.  Resolution  of 
that  question  requires  experimental  methods  that 
provide  high  resolution  of  the  deformations  at  the 
front  of  a  flaw. 

d)  Effect  of  moisture  on  time-dependent 

f racture.  The  observation  that  cracks  can  propa¬ 
gate  slowly  (10*7  to  10'2  mm/sec)  in  Inorganic 
(silicate)  glasses  Is  often  attributed  to  the  In¬ 
fluence  of  moisture.  This  influence  is  greatest 
in  the  highly  stressed  region  around  the  tip  of 
the  flaw.  We  would  expect  that  the  same  Is  true 
where  polymers  are  concerned,  as  long  as  they  are 
not  totally  inert  to  moisture.  We  know  that  mois¬ 
ture  Ir.gresslor  a  form  of  plasticization  and 
results  In  a  shortening  of  the  material  relaxation 
times.  Due  to  the  highly  dilated  molecular  struc¬ 
ture  at  the  crack  tip,  the  diffusion  process 
should  be  accelerated,  and  it  Is  just  in  this  cri¬ 
tical  domain  where  the  creep  behavior  Is  acceler¬ 
ated  by  moisture.  One  would  expect  therefore,  a 
dominant  effect  of  moisture  on  failure  rates  In 
some  polymers;  among  these  we  count  the  epoxies 
and  polyurethanes,  polymers  which  are  used  struc¬ 
turally  in  large  quantities. 

e)  Effect  of  temperature  on  fracture  and 
unbond1ng~I  For  thermorheologlcally  simple  elas¬ 
tomers  (above  the  glass  transition  temperature)  It. 
is  well  established  that  the  rate  of  failure  prop¬ 
agation  and  temperature  are  connected  by  the  time- 
temperature  super  position  scheme.  This  Is  true 
with  respect  to  both  cohesive  and  adhesive  fail¬ 
ure.  While  the  sensitivity  of  viscoelastic  relax¬ 
ation  to  temperature  changes  decrases  notably  as  a 
polymer  Is  cooled  down  through  the  glass  transi¬ 
tion  temperature,  there  is  every  reason  to  believe 
that  a  time-temperature  superposition  Is  valid  In 
rigid  polymers  (below  the  glass  transition  temper¬ 
ature).  Problems  may  arise  for  filled  polymers 
(hard  particulate  filler,  scrim  cloth,  "toughened” 
with  ruboer  particles)  which  are  usually  not 
thermorheologically  simple. 

We  consider  next  In  more  detail  phenomena 
associated  with  crack  geometries: 

2)  Load  Criterion  for  Fracture.  It  follows 
from  the  discussion  of  the  Influence  of  tempera¬ 
ture  on  the  time  history  of  the  fracture  process 
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that  temperature  changes  also  Induce  stresses  In  a 
composite  structure.  Often  a  temperature  Increase 
Is  used  to  model  the  speed-up  of  the  viscoelastic 
responses  (accelerated  testing).  If  this  is  done 
it  Is  also  necessary  to  understand  the  effect  of 
temperature  on  the  mechanical  state  of  stress. 

For  "rigid"  polymers  this  problem  leads  certainly 
to  dealing  with  polymer  behavior  near  the  glass 
transition. 

The  (possibly)  thermally  In  duced  stresses  com¬ 
bine  with  those  due  to  mechanical  loading.  We 
have  discussed  these  already  jointly  In  connection 
with  the  stress  analysis. 

a)  Mode  interaction.*  We  shall  consider  next 
the  response  of  a  crack  or  cracklike  flaw  in  a 
bonded  joint  or  composite  to  mechanical  loads. 

This  we  do  initially  without  reference  to  time 
dependence.  We  first  define  some  terminology: 

With  reference  to  Fig.  17,  let  point  A  lie  on  the 
smooth  periphery  of  a  planar  crack  and  establish  a 
Cartesian  coordinate  system  with  z  tangent  to  the 
periphery  at  point  A  and  x  contained  in  the  plane 
of  the  crack.  With  reference  to  this  coordinate 
system  we  define  the  three  primary  modes  of  crack 
deformation,  modes  I,  II  and  III  in  standard  frac¬ 
ture  terminology.  These  modes  describe  the  rela¬ 
tive  motion  of  the  upper  and  lower  crack  surfaces 
respectively  parallel  to  the  y,  x  and  z  direc¬ 
tions.  We  speak  of  a  mode- Interaction  problem  if 
the  loading  is  such  that  fracture  propagation  re¬ 
sults  in  the  presence  of  more  than  one  deformation 
mode. 


Fig.  17  Local  coordinate  system  at  crack  front. 

In  monolithic  cracked  structures  the  mode- 
interaction  problem  has  been  considered  recently 
by  several  authors;  a  fairly  comprehensive  review 
of  that  problem  is  documented  in  Ref.  22.  How¬ 
ever,  In  connection  with  bonded  joints  the  motion 
of  a  crack  is  inhibited  by  the  proximity  of  the 
relatively  rigid  and  Infrangible  adherends.  One 
will  therefore  have  to  re-examine  the  mode- 
interaction  problem  for  the  bond  problem.  Speci¬ 
fic  questions  arising  in  this  context  relate  to: 
the  fracture  path(s)  as  a  function  of  the  relative 
magnitude  of  modes  I,  II  and  III;  how  does  this 


path  depend  on  the  relative  strength  of  the  inter¬ 
face  adhesion  and  the  cohesive  strength  of  the 
adherend;  what  is  the  functional  relation  between 
the  three  modes  of  deformation  at  fracture;  is 
such  a  relation  Invariant  under  time-dependent 
failure  processes? 

The  next  question  that  needs  to  be  considered 
relates  to  the  fracture  path.  Fracture  In  bonded 
joints  is  observed  to  occur  along  (or  near)  the 
interface  or  in  the  adhesive.  There  is  no  docu¬ 
mented  criterion  that  relates  the  path  of  fracture 
to  the  loads  acting  on  a  joint  apart  from  the 
general  criterion  that  the  crack  follows  a  path 
requiring  minimum  energy  expenditure. 

In  this  connection  it  is  pertinent  to  discuss 
the  problem  of  proper  test  data  interpretation  for 
design  applications.  Suppose  an  adhesive  layer 
between  two  relatively  rigid  adherends  Is  subjec¬ 
ted  to  a  general  loading  up  to  fracture  initiation 
in  a  geometry  such  as  is  shown  in  Fig.  18.  This 
type  of  geometry  is  a  standard  way  to  evaluate  the 
strength  of  adhesion  by  thickness-averaged  frac¬ 
ture  mechanics.  Fractures  appear  (not  necessarily 
visible  on  the  surface)  such  as  indicated  in 
Fig.  18  by  solid  lines  without  total  failure  of 
the  specimen.  Upon  further  loading  these  cracks 
may  join  along  the  dotted  lines  in  Fig.  18. 
Generally,  cracks  open  initially  so  that  the  newly 
created  fracture  surfaces  separate.  However,  as 
the  cracking  process  continues,  a  complicated 
fracture  pattern  may  result. 


Fig.  18  Fracture  path  and  sequence  in  shear  test. 

b)  Initiation.  Opinions  seem  to  diverge  on 
the  importance  of  initiation  in  the  failure  or 
cracking  process.  There  are  those  who  hold  that  a 
"properly  designed"  bonded  joint  should  never  de¬ 
velop  a  crack  and  others  who  claim  that  cracking 
cannot  be  avoided  at  bond  terminations  and  that 
bond-life  depends  on  suppression  or  retardation  of 
continued  growth  through  suitable  bonding  agents. 
Apparently  observations  diverge  on  this  point  be¬ 
cause  we  do  not  understand  sufficiently  well  the 
interaction  of  bond  geometry,  stress  field  and 
material  properties. 


♦The  definition  of  the  interaction  problem  is  often  sloppy.  When  writers  have  in  mind  thickness- 
averaged  fracture  mechanics  only  the  deformation  of  the  adherends  in  the  bond-termi nation  region  Is 
considered.  Therefore,  motion  of  the  adherends  apart  and  normal  to  the  bondline  is  Interpreted  as  a 
"crack  opening"  model  (mode  I).  However,  if  we  consider  the  detailed  stress  distribution  around  the 
front  of  a  disbond  between  adherend  and  adhesive,  then  the  deformation  under  the  same  loading  on  the 
adherends  produces  both  mode  I  and  II  motions,  the  mode  II  being  Induced  through  Poisson  coupling  from 
mode  I , 
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Of  dominant  concern  in  this  regard  are  the 
high  discontinuity  stresses  acting  almost  Invari¬ 
ably  at  the  bond  termination.  Some  studies  arc 
available  that  deal  with  shaping  the  adherends 
near  to  bond  termination  (tapering)  to  minimize 
these  stresses.  However,  the  Interactions  of  such 
geometric  variables  with  bond  material  character¬ 
istics  such  as  nonlinear  or  ''plastic"  deformations 
need  to  be  explored.  Standard  fracture  mechanics 
principles  do  not  apply  for  the  initiation  phase 
as  long  as  a  crack  or  disbond  cannot  be  Identi¬ 
fied.  Only  at  the  end  of  this  initiation  phase 
can  this  be  done  so  that  time  dependent  fracture 
mechanics  processes  apply.  It  may  be  possible, 
however,  to  explore  the  Initiation  problem  through 
energetics  Involving  appearance  of  cracks  or  dis¬ 
bonds  of  discrete  length  or  size. 

5.  Fractography.  Fracture  of  homogeneous 
bodies  i nvol ves  character! sties  of  the  fracture 
surface  features  which  allow  often  the  reconstruc¬ 
tion  of  the  fracture  process.  These  features  have 
been  studied  completely  empirically  and  constitute 
an  Important  body  of  information  In  fracture 
analysis. 

Similar  observations  are  in  progress  in  the 
study  of  bonded  joints,  most  of  them  presumably  as 
an  adjunct  In  ongoing  failure  studies.  It  would 
be  advantageous,  however,  to  structure  a  program 
more  systematically  about  fractographlc  questions, 
in  particular  In  connection  with  NOI  type  Investi 


gatlons.  Such  a  program  should  comprise  NDI  of 
bonded  joints  subjected  to  various  load  histories 
and  (etched)  removal  of  the  metal  adherends  for 
examination  of  the  fracture  feature  In  the 
adhesive,  probably  a  painstaking  task. 

III.  PROGRAM  PLAN 

The  program  plan  is  described  In  the  "roadmap" 
format  common  to  Air  Force  planning  documentation. 
This  format  allows  the  program  content  to  be 
viewed  in  context,  with  Interrelationships  among 
the  separate  work  units  to  be  displayed  against  a 
time-line.  Since  there  are  programs  currently 
underway  and  in  planning  by  the  agencies.  It  Is 
particularly  important  to  discover  those  which 
provide  necessary  or  conplementery  activity  to  the 
main  thrust  of  this  plan.  These  programs  will  be 
shown  as  well  with  their  output  contributing  at 
specific  time  periods  In  the  plan.  The  most  per¬ 
tinent.  ongoing  effort  Is  Indicated  on  the  first 
block  of  the  roadmap  entitled  Fatigue  Behavior  or 
Adhesive  Bonds  (Contractor:  General  Dynamics/Fort 
Worth).  Each  block  on  the  roadmap  diagram  Indi¬ 
cates  a  logical  work  package  with  its  own  objec¬ 
tive;  however,  combinations  or  further  subdivision 
may  be  appropriate  as  the  Implementation  of  the 
plan  proceeds.  A  work  package  description  Is  In¬ 
cluded  for  each  block  on  the  roadmap,  In  which  the 
objective,  scope,  approach  and  resource  needs  are 
outlined.  Finally,  a  funding  sunmary  by  fiscal 
year  Is  provided. 


SUMMARY  REPORT 


Otto  Buck  {Rockwell  Science  Center  [now  Ames  Laboratory]):  If  I  understand  you  correctly,  we  now  go 

down  the  line,  having  started  off  with  ceramics  materials,  where  we  defined  different  kinds  of 
defects  In  the  ceramics  that  lead  to  failure  for  a  given  failure  strength.  The  metallic  people 
are  now  trying  to  do  the  same  thing,  Including  growth  models  for  the  different  kinds  of  defects 
that  have  been  Initiated  during  fatigue.  And  so,  basically,  you  are  suggesting  to  follow  the 
same  line  along  adhesives  as  well  as  for  composite  materials.  We  should  Identify  the  defects, 
get  their  failure  mode,  get  their  growth  rates  of  those  modes  and  come  up  with  a  particular 
fatigue  life  of  the  composite  or  the  adhesive  bonding. 

That's  what  I  see  In  surmarlzlng  your  paper  and  your  Ideas. 

Frank  Kelley  (University  of  Akron):  1  would  point  out  a  couple  cf  things  which  you  didn't.  T  am  not 
sure  I  have  seen  In  either  the  ceramics  or  the  metals  approach  the  Integration  of  the 
nondestructive  evaluation  process.  In  the  nondestructive  Inspection  process  with  the  design 
process  In  which  one  is  really  developing  accept-reject  criteria  on  the  basis  of  how  we 
designed  It.  We  thought  we  designed  In  certain  safety.  Now  I  have  got  a  change,  a  flaw,  a 
change  from  material;  and  now  I  am  going  to  recycle  the  design  process  with  those  new  Inputs 
and  come  out  with  a  change.  I  have  not  seen  that  stated  explicitly.  It  probably  Is  done  that 
way  always,  but  I  haven't  seen  It  stated  explicitly. 

Another  way  Is  how  do  you  measure  strength?  Fracture  mechanics  has  certainly  come  Into  the 
picture  In  all  those  cases.  In  this  case,  we  have  material  which  Is,  In  general,  much  more 
dissipated.  That  character  is  there. 

Paul  Gammel  (JPL):  Oi  the  question  of  being  able  to  assess  potential  bond  strength  of  a  bond  rather 
than  just  finding  a  huge  defect:  If  an  adhesive  bond  was  a  bit  on  the  weak  side  so  It  would 
fall  at  a  high  stress  or  In  a  long  period  every  time,  would  you  expect  there  to  be  any 
properties.  Including  the  spacing  of  the  bond  or  the  accoustlc  propagation  through  it,  which 
would  show  variation  at  low  moderate  stresses;  stresses  you  could  apply  In  the  field  with  a 
simple  device  of  actually  stressing  the  bonds?  This  Is  at  moderate-to-working  loads,  would  you 
expect  to  see  anything  that  would  extrapolate,  say,  that  It  Is  going  to  rip  apart? 

Frank  Kelly:  I  do  not  know.  I  obviously  did  not  make  my  point  very  clearly.  I  ao  not  think  you  can 
get  an  assessment  of  the  strength  of  the  bond  from  a  small  deformation  pro, erty.  What  I  think 
you  can  do  is  tell  whether  It  is  getting  weaker  or  stronger.  That  Is,  It's  something  of  a 
relative  measurement. 

When  I  talked  about  the  peak  in  the  loss  curve,  if  It  really  turns  out  that  the  peak  In  the 
fracture  curve  Is  related  to  the  peak  In  the  loss  curve  -  and  remember  those  are  both  on  our 
master  curves  so  they  are  0.1  a  time  and  temperature  axis  so  you  can  take  off  a  particular  set 
of  loading  conditions  which  you're  Interested  In  and  then  say  this  Is  what  my  material  was  when 
It  was  made  right,  and  now  it  Is  changed.  Since  1  have,  like  the  Mullins  data,  a  linear 
relationship  between  fracture  and  loss,  for  instance,  loss  which  I  measure  In  a  very  small 
deformation  perturbation,  some  sort  of  a  vibration  term.  If  I  see  the  loss  has  gone  down,  I 
can  say  my  fracture  energy  has  gone  down,  and  I  then  plug  that  Into  my  flaw  growth  model  and 
see  whether  that  says  the  flaw  Is  going  to  grow  at  a  certain  unacceptable  rate. 

If  you  accept  all  of  the  errors  In  Interpretation  which  I  just  gave  to  a  lot  of  different 
things;  that's  the  basic  Idea.  I  can't  tell  whether  I  changed  and  by  how  much  and  whether  It 
made  the  strength  go  up  or  down,  but  It  didn’t  say  I  have  a  way  of  calculating  the  Intrinsic 
strength  of  the  bond. 

Unidentified  Speaker:  Just  following  up  your  conversation,  do  you  disregard  what  the  nature  of  the  void 
Is,  where  It  Is,  and  In  what  place? 

Frank  Kelly:  Absolutely  not.  It  becomes  a  very  Important  part  of  the  overall  methodology  of  the  stress 
analysis  which  Inputs  loads,  which  Inputs  the  local  geometry,  and  which  actually  resolves  the 
local  stress  state  In  which  the  flaw  Is  Imbedded.  That  then  says  how  the  flaw  Is  Interacting 
with  the  surrounding  materials,  that  is,  It's  dependent  upon  Its  location.  But  It's  dependent 
In  a  way  that  Is  resolved  by  the  design  process,  the  stress  analysis,  which  you  and  I  can  both 
say  Is  Inadequate  but  at  least  It  requires  an  analysis. 

Roger  Chang  (Science  Center):  In  very  small  flaws  the  microstructure  Is  very  Important.  If  there  are 
large  flaws,  then  the  fracture  mechanics  take  over,  and  then  you  can  do  this  kind  of  thing.  I 
am  wondering  at  the  Initiation  stage  if  this  method  is  applicable,  say,  In  really  a 
quantitative  way.  When  you  go  to  a  large  enough  size,  It's  probably  all  right. 

Frank  Kelly:  I  would  think  that  there  Is  plenty  of  data  on  what  the  manufacturing  flaw  size  might  be, 
and  I  would  say  It's  large  in  the  context  of  the  discussion  which  you  have  just  raised;  that 
Is,  a  perfectly  formed  bond  with  no  flaws  is  not  the  case  to  be  treated.  We  hope  to  localize 
the  problem  based  on  the  experience  that  the  questionable  areas  are  those  which  are  either 
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highly  stressed  or  those  which  are  In  the  region  of  some  damage.  I  would  say  that  there  would 
probably  be  a  valuable  contribution  to  this  technology  made  If  one  just  has  a  device  In  which 
you  can  go  to  certain  regions  of  an  aircraft  and  say  what  Is  the  condition  of  the  bond  In  the 
region  of  this  flaw  or  In  the  region  of  this  wing  root. 

John  Rodgers  (Acoustic  Emission  Technology  Corporation):  What  primary  NDE  candidates  do  you  see  right 
now  for  application  to  adhesive  bonding  structures.  If  you  haven't  really  formulated  a  firm 
concept  in  your  mind  yet,  when  In  this  program  do  you  expect  to  be  making  those  kinds  of 
decisions? 

Frank  Kelly:  Somewhere  In  the  region  of  that  first  diamond  on  the  road  map  would  be  a  conclusion. 

Would  there  be  enough  data  available  on  the  validity  of  the  flaw  growth  model  to  say  that  under 
the  best  laboratory  conditions  in  which  one  does  such  things  as  complex  Shfar  modulus 
measurements  or  dielectric  measurements  or  any  other  measurements  that  will  send  energy  Into 
the  bond  and  obtain  a  signal  out  that  one  can  then  transform  Into  something  like  a  loss  modulus 
or  a  damping  factor. 

Then  the  question  Is:  If  you  can't  measure  It  well  enough  In  the  laboratory  with  the  best 
tools  you  got,  I  guess  at  that  stage  you  say,  we  just  aren't  going  to  ever  be  able  to  get  to 
the  stage  where  we  can  do  this  in  the  field.  If  It  looks  like  there  are  sensitive-enough 
parameters,  material  properties  that  can  be  resolved  with  laboratory  devices  which  essentially 
put  energy  In  and  get  a  signal  out  and  Interpret  It  In  terms  of  a  loss,  then  the  hope  might  be 
that  you  could  at  least  handle  a  number  of  the  field  problems  with  a  device,  and  It  might  be  an 
accoustlc  device  of  some  kind.  It  could  be  a  dielectric  device.  That's  the  stage  where  you 
bring  In  all  the  brains  you  can  of  people  who  know  how  to  interpret  the  material  and  get  some 
Information  from  It.  That's  when  you  bring  In  the  adaptive  learning  networks,  too,  If  you 
really  think  you're  getting  a  significant  signal. 

Boro  Djordjevlc  (Martin  Marietta  Laboratories):  You  seem  to  Imply  that  you  have  now  used  extensive 

analytic  approach  to  defining  the  problems  as  well  as  looking  at  them  in  real  damages,  In  real 
situations-  How  can  you  handle  the  experience  which  Is  kind  of  unique  to  say  that  bonded 
structures,  mainly  that  environment,  chemical  structures,  and  usage  can  Influence,  really,  your 
different  propagation  and  different  Instrumentation  from  just  Identifiable  flaws  to  a  critical 
defect  materials  where  you  can  do  a  fracture  analysis  and  critical  stress  and  the  critical 
size.  Is  any  attention  being  paid  to  that? 

Frank  Kelly:  I  was  with  you  for  a  while  but  I  lost  the  key  element  of  your  question. 

Boro  Djordjevlc:  In  current  experience  It's  very  Important  that  chemical  and  environmental  factors 
behavior  either  In  manfacturlng  or  In  service.  In  a  sense  you're  Implying  that  you  will  he 
looking  at  the  real  structure  such  as  parts  determined  as  the  minor  Impact  or  something  like 
that  and  the  theoretical  and  analytical  handling  of  the  critical  stress  and  mechanics  are  not 
adequate.  You  have  to  consider  chemical  environment,  past  history  and  things  like  that.  When 
you  look  Into  It,  how  will  you  handle  It? 

Frank  Kelly:  In  fact,  that's  central  to  the  whole  plan.  Certainly,  when  one  looks  at  the  adhesive 
layer  as  a  material  which  Is  not  all  that  stable.  We  would  like  to  make  It  stable,  but  with 
the  Intrusion  of  moisture  with  Improper  cure  or  with  exposure  to  high  heat  In  the  vicinity  of 
an  engine  or  something  like  that,  we  expect  changes  to  take  place  In  that  material.  The 
changes  that  are  reflected  in  the  material  structure  on  a  molecular  scale  that  can  be  found  by 
certain  property  measurements. 

For  Instance,  the  material  when  It  when  through  cure  went  from  liquid  to  a  rigid  solid.  One 
can  certainly  attempt  to  make  measurements  of  that  transformation,  and  the  degree  with  which 
the  curing  process  Itself  took  place.  It  Is  just  a  matter  In  reverse.  If  It's  been  In  the 
field  and  it  has  undergone  some  kind  of  transformation  which  has  either  made  It  softer  or 
harder,  essentially  changing  Its  loss  properties,  that's  one  of  the  things  I'm  talking  about. 
It's  changed  both  the  storage  modulus  and  the  loss  modulus  in  the  complex  modulus  sense  In 
which  I'm  talking  about  material  properties.  So  It's  become  stlffer  and  It's  changed  Its  loss 
properties. 

If  I  knew  both  of  those  things  and  they  both  worked  Intrinsic  to  the  flaw  growth  models,  then  I 
must  Input  those  new  values,  which  I  happen  to  be  measuring,  with  my  sensitive  little  device 
that  looks  like  the  half  of  a  watermelon.  Then  I'm  able  to  Interpret  that.  I  don't  mean  to 
leave  out,  either,  those  things  which  also  change  the  stress  state  such  as  swelling,  the 
Intrusion  of  moisture  which  changes  the  swelling,  or  change  In  temperature,  or  the  changes  In 
expansion  focus,  or  the  dlffernce  In  expansion  focus. 

All  of  those  factors  are  important  there.  But  the  one  thing  I  am  proposing  we  measure  and 
Incorporate  Into  the  model  Is  the  material  properties  of  the  adhesive  which  are  not  constant, 
which  might  come  out  of  the  manufacturing  different  than  they  ought  to  have  been,  which  you 
ought  to  be  able  to  assess,  or  which  have  changed  In  the  field.  I'm  not  saying  that  I  know  It 
can  be  measured  sensitively  enough  or  which  resolution,  but  I'm  saying  that's  what  one  would  do 
with  the  analytic  framework. 


Boro  Ojordjevic:  You're  committing  yourself  to  really  trying  to  pull  In  many  parameters,  a  difficult 
task  to  actually  accomplish;  then  statistically  eliminate  maybe  5  or  10  which  are  important  to 
your  final  decision. 

Frank  Kelly:  I  thought  we  were  measuring  very  few.  I  was  going  to  measure  fracture  energy  In  a 

laboratory,  I  was  going  to  correlate  It  with  some  Important  property  that  probably  Incorporates 
stiffness,  basic  modulus,  shear  modulus,  and  loss  modulus,  something  like  that.  Fracture 
mechanics  attempting  to  be  rather  Indifferent  to  stress  state,  the  configuration,  testing  mode, 
all  that  sort  of  thing,  supposed  to  sweep  all  those  problems  under  the  rug. 

Chris  Burger  (Ames  Laboratory):  Fracture  mechanics  Is  not  Insenstlve  to  individual  stresses.  Some  of 
the  work  that  we  have  done  suggests  that  the  residual  stresses  that  arise  due  to  the 
differential  contraction  on  the  cure  Is  higher  than  the  design  stress.  Do  you  consider  the 
material  visco-elastic  enough  to  relax  those  out,  and  do  we  have  any  evidence  that.  In  fact, 
happens? 

Frank  Kelly:  No,  we  don't  and  I  think  that's  an  excellent  point.  I  think  it's  probably  something  that 
hasn't  been  treated  with  the  degree  of  attention  It  should  treated.  I'm  sure  it  came  Into 
the  discussion,  but  how  one  measures  residual  stress  as  nonuestructlve  I  think  Is  a  real  valid 
concern  because  It  then  becomes  one  of  the  conditions  which  one  Inputs  to  the  analysis 
Itself.  That  is,  assuming  these  residual  stresses  exist.  I  don't  know. 

Dave  do  you  want  to  add  to  that  anything? 

Dave  Kaelble  (Science  Center):  No.  I  think  the  question  and  answer  are  complete.  You  have  to  consider 
these  stresses,  and  they  are  Important,  and  the  added  environment  stresses,  the  moisture  and 
swelling,  are  superimposed  on  those. 

Steve  Hart  (Naval  Research  Laboratory):  In  the  new  world  of  better  surface  preparation.  Is  there 

experience  to  show  that  perhaps  the  failures  are  more  cohesive  than  adhesive?  Is  there  any 
Information  on  that  yet? 

Frank  Kelly:  As  I  said,  that's  still  a  debatable  point.  There  Is,  I  believe,  at  least  one  workshop 

that  I  participated  In  that  concluded  that  the  data  said  we  have  been  driving  the  failures  Into 
the  adhesive  layer  rather  than  not.  1  see  Bob  Crane  raising  his  hand,  so  he's  probably  got 
some  informatikon  he  wants  to  add  to  that. 

Otto  Buck,  Chairman:  The  Air  Force  has  the  word. 

Bob  Crane  (Materials  Laboratory,  AFWAL/MLLP):  We  have  said,  basically,  from  another  report  from  another 
program,  that  the  phosphoric  acid  annodizlng  surface  preparation  Is  certainly  much  better  when 
done  correctly.  Unfortunately,  what  we  believed  at  one  time  to  be  a  very  wide  band  of 
tolerance  are  not  quite  so  wide.  So,  If  you  get  outside  the  tolerable  band  for  process 
variables,  it's  not  quite  that  good  so  you're  right  back  Into  adhesive  failures. 

Boro  Ojordjevic:  Let  me  make  a  comment  that  Boeing  developed  one  of  these  processes,  but  the  surface 
condition  which  precludes  a  good  bonding  has  been  pretty  much  identified  by  extreme 
magnification  using  ultraclcroscope.  The  problem  comes  that  If  you  have  a  shaded  area,  even  If 
you  do  laboratory  testing,  you're  going  to  maybe  have  a  cohesive  failure.  But  In  service  a  lot 
of  times,  those  partial  (inaudible)  go  to  adhesion  failure  and  actually  most  of  the  problem, 
most  of  the  defect  propagation  Is  in  an  interface,  mainly  the  degradation  of  oxide.  And  that 
is  pretty  much  the  case  of  most  of  the  parts  produced  now  unless  there  Is  laboratory 
slmul  atlon. 

Frank  Kelly:  I  think  there  Is  a  lot  of  data  in  the  (Inaudible)  program  which  were  unreal  parts,  and 
they  were  sent  to  be  subjected  to  realistic  environments.  As  was  said.  If  the  surface 
preparation  was  done  correctly,  there  is  a  growing  body  of  data  saying  it's  being  driven  Into 
cohesive  failure  In  the  adhesive  layer.  In  fact,  it  also  moves  around,  as  you  might  expect.  A 
lot  of  It  starts  In  the  scrim  and  propagates  from  there,  and  sometimes  will  go  to  one  face  and 
then  the  other. 

I  guess  we  are  going  to  be  awfully  disappointed  in  our  efforts  If  we  conclude  that  real 
failures  aren't  going  to  take  place  In  adhesives  because  we  just  couldn't  handle  that  problem. 

Dave  Kaelble:  I  would  like  to  announce  that  this  type  of  discussion  Is  being  continued.  The  adhesive 
society  has  Its  national  meeting  In  Savannah,  Georgia  on  February  22nd  and  25th.  We  will  have 
a  session  on  NDE  methodology  as  applied  to  adhesive  bonds.  This  Is  a  call  for  people  who  are 
very  Interested  1 n  having  presentations  that  are  occurring  here  presented  again  at  the  adhesion 
meeting  to  the  open  forum  to  the  scientific  community  in  that  specialized  field  and  published 
In  the  journal.  So  that's  an  open  Invitation.  If  anybody  wants  to  see  me,  I  can  get  an 
announcement.  Frank  Kelley  and  I  are  chairing  that  session. 

Otto  Buck,  Chairman:  I  would  suggest  for  time  purposes  that  we  are  all  though  the  questions  -  and  I 

think  there  are  a  iot  more  maybe  addressed  to  Professor  Kelley  or  Mr.  Dave  Kaelble  outside,  and 
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there  Is  ample  opportunity.  Since  Have  made  a  commerical,  I  have  to  make  a  commercial  here, 
too.  There  Is  going  to  be  a  Session  IV  this  afternoon  without  a  chairman  -  you're  fortunate 
enough  not  to  have  a  chairman.  That's  a  poster  session  on  composites,  adhesion  bonds,  new 
phenomena  and  problems. 

Bruce  Thompson  (Rockwell  Science  Center  [now  Ames  Laboratory]):  i  might  say  one  thing  about  the 

problems.  One  of  the  philosophies  of  the  meeting  Is  not  only  to  have  new  solutions  but  to  have 
some  posters  describing  some  problems  that  various  areas  of  the  service  have  which  might  be 
addressed  by  some  of  our  techniques,  so  I  believe  there  are  three  or  four  posters  which  are  put 
up  In  that  spirit.  We  put  them  up  early  In  the  meeting  and  a  little  bit  out  of  context  so 
people  could  go  by  and  look  at  them  and  perhaps  think  about  how  their  technique  might  pertain 
to  that  particular  problem. 

I  know  Joe  Moyzis  has  a  poster  that  will  relate  to  the  problem  workshop  that  will  be  held 
Wednesday  evening,  so  It  might  be  well  for  people  to  go  by  and  look  at  those  posters  from  that 
point  of  view. 
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ABSTRACT 


This  paper  describes  ongoing  research  efforts  to  evaluate  thermographic  techniques  for  locating  flaws 
or  damage  in  structural  fiber  composite  laminates.  An  infra-red  camera  with  video  isotherm  readout  is 
used  to  identify  perturbations  in  uniform  or  linear  thermal  fields  whicl.  may  be  caused  by  presence  of 
flaws  or  damage  such  as  matrix  cracks,  delaminations,  blind  side  impact  damage,  and  partial  through  holes. 
This  procedure  has  potential  for  rapid  qualitative  screening  of  large  surface  areas.  Potential  defective 
areas  may  then  be  analyzed  by  a  more  accurate  (but  more  time  consuming)  method  . 

Two  techniques  are  discussed;  externally  applied  thermal  field  (EATF)  and  stress-generated  thermal 
field  (SGTF).  The  EATF  technique  involves  applying  heat  to  a  composite  structure  and  observing  the  re¬ 
sulting  transient  thermal  pattern.  Tne  SGTF  technique  requires  stress  cycling  to  create  hot  spots  in 
regions  of  high  stress  concentrations  adjacent  to  flaws  or  damage  sites. 


INTRODUCTION 


HUE  of  composite  structures  in  either  manufac¬ 
turing  or  routine  service  modes  can  be  an  extensive 
and  time-consuming  operation  by  current  techniques 
of  ultrasonics,  X-  or  N-rays,  etc.  Thermographic 
techniques  may  have  possibilites  for  rapid  screening 
of  large  surface  areas;  suspected  small  flawed  re¬ 
gions  may  then  be  quantitatively  investigated  by  a 
more  sophisticated  method. 

For  the  past  decade  or  so,  many  investigators 
have  used  various  forms  of  tnermograpny  to  locate 
defect  or  flaws  in  composite  or  other  structures. 

The  thermographic  methods  used  fall  into  two  cate¬ 
gories;  Externally  applied  thermal  field  (t'ATF) 
technique  uses  a  heat  source  outside  the  structure 
(Figs.  1  and  2)  to  generate  transient  thermal  pat¬ 
terns.  Perturbations  in  the  thermal  patterns  are 
read  by  infrared  detectors  (sensors,  cameras,  or 
liquid  crystals) and  indicate  the  presence  of  a  Flaw 
or  damage  (Fig.  2).  The  stress-generated  thermal 
field  (SGTF)  tecnnique  uses  the  viscoelastic  nature 
of  composite  matrix  resins  to  generate  neat  under 
cyclic  loading.  Regions  of  stress  concentration 
(near  flaws  or  damage)  will  produce  hot  spots  which 
can  readily  be  observed  by  an  IR  camera  (Fig.  3). 

The  camera  used  to  measure  the  thermal  fields 
was  an  AGA  Themovision  System  680/102  B  infrared 
camera  with  both  black  and  white  and  color  isotherm 
video  readouts.  The  black  and  white  screen  indi¬ 
cates  surface  temperature  in  a  continuous  shade  of 
gray  from  black  (coldest)  to  white  (hottest).  The 
color  isotherm  screen  ’s  divided  into  10  distinct 
colors  representing  ten  temperatures  between  black 
(coldest)  to  white  (hottest).  (In  the  figures  of 
this  report  they  appear  as  distinct  shades  of  gray.) 
The  sensitivity  of  the  camera  can  be  changed  from 
1°C  (black  to  white)  to  1000°C  (black  to  white). 

Best  results  were  obtained  using  the  1°  through  5°C 
sensitivities. 


(t>)  convection/iadiation 

Fig.  1  Schematic  diagram  of  externally  applied 
thermal  field  (EATF)  test  setups. 

Neither  EATF  nor  SGTF  techniques  have  under¬ 
gone  extensive  evaluation  for  use  in  detecting  flaws 
or  damage  in  composite  structures,  although  consid¬ 
erable  work  has  been  done  using  thermography  to 
track  fatigue  crack  growth  (see  refs.  1-3  for  exam¬ 
ple).  The  purpose  of  the  present  program,  now  end¬ 
ing  the  first  phase  of  a  three  phase  effort,  is  as 
fol  lows : 

1.  Demonstrate  the  feasibility  of  NDE  by  EATF  and 
SGTF  thermographic  techniques. 

2.  Determine  the  capabilities  and  limitations  of 
thermography  for  detecting  delaminations,  sur¬ 
face  cracks,  blind-side  impact  damage  in  com- 
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posltss  -  identify  ranges  of  flaw  types*  sizes, 
locations,  types  of  materials,  etc.,  for  which 
thermography  is  effective. 

3.  Develop  methods  for  EATF  heat  input  and  SGTF 
stress  application  that  best  provide  for  easy 
flaw  identification. 

4.  Recommend  hardware  features  for  large  scale 
usage. 

Results  obtained  to  date  in  the  program  are  present¬ 
ed  in  this  paper  by  heat  application  technique  and 
flaw  type.  Tentative  conclusions  follow. 


(a)  UNFLAWED  HOMOGENEOUS  MATERIAL  SPECIMEN 


Fig.  2  Temperature  fields  in  flawed  and  unflawed 
material  with  and  without  internal  flaws, 
EATF. 


Fig.  3  Stress  generated  thermal  field  (SGTF)  test 
setup. 


EXTERNALLY  APPLIED  THERMAL  FIELD  (EATF) 

Two  types  of  EATF  heat  generation  techniques 
have  been  studied.  The  first  is  application  of 
heat  by  a  strip  heater  or  other  source  away  from  the 
flaw  area  to  be  evaluated  (Fig.  la).  Heat  is  con¬ 
ducted  in  the  plane  of  the  material  in  a  direction 
parallel  to  the  surface,  and  is  called  "conduction" 
method  for  short.  The  second  is  heat  application 
by  a  convection  or  radiation  source  such  as  a  heat 
gun,  space  heater,  or  IR  lamp,  perpendicular  to  the 
surface  of  the  specimen  (Fig.  lb).  This  second 
method,  for  convenience,  is  termed  "radiation/con¬ 
vection". 

Conduction  Method 

Four  types  of  flaws  were  investigated  by  the 
conduction  method  -  through  holes  (to  evaluate  the 
effects  of  material  conductivity  and  anisotropy), 
partial  through  holes  (simulating  blind-side  impact 
damage),  delaminations,  and  surface  cracks. 

Through  holes  -  Through  holes  (Fig.  4)  obviously  do 
not  need  any  technique  other  than  visual  inspection 
to  find.  However,  0.64  cm.  dia  holes  were  drilled 
through  [0]  graphite/epoxy,  [0/90]  glass/epoxy,  and 
[0]  boron/epoxy  to  evaluate  effects  of  material 
thermal  conductivity  and  anisotropy.  Because  con¬ 
ductivity  of  graphite  fibers  is  high,  and  epoxy  is 
low,  [0]  Gr/Ep  composites  have  high  fiber  direction 
conductivity  and  low  conductivity  transverse  to 
fibers.  Isotherm  video  pictures  of  the  effects  of 
heat  conduction  parallel  to  fibers,  perpendicular 
to  fibers,  and  at  45  deg.  to  fibers  respectively, 
are  shown  in  Fig.  5.  Note  that  large  perturbations 
occur  in  the  parallel  and  45  deg.  to  fiber  direc¬ 
tions,  but  small  perturbations  in  the  perpendicular 
to  fiber  direction.  Glass/epoxy  is  nearly  isotropic 
in  thermal  conductivity  because  glass  and  epoxy 
conductivities  are  the  same  order  of  magnitude  (and 
it  is  noted,  close  to  that  of  transverse  graphite./ 
epoxy).  The  [0/90]  glass/epoxy  results  are  similar 
to  [0]  graphite/epoxy  results  in  the  transverse 
direction  (see  bottom  left,  Fig.  5).  Boron  con¬ 
ductivity  is  between  that  of  glass  and  graphite. 
Soron/epoxy  results  are  shown  bottom  middle  and 
right  of  Fig.  5. 


Fig.  4  Graphite/ epoxy  through-hole  specimen. 
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Partial  through  holes  (simulated  impact  damage)  - 
Figure  6  shows  a  graphite/epoxy  sample  with  a  flat- 
bottomed  hole  drilled  about  half-way  through  the 
back  surface,  simulating  the  back-surface  shattering 
of  moderate  velocity  impact  damage.  Figure  7  shows 
conduction  test  results  on  the  [0]  Gr/Ep  sample. 

Note  that  the  blind  hole  causes  some  identifiable 
perturbations  in  the  otherwise  straight  isotherms 
near  the  center  of  the  specimen,  in  spite  of  the 
fact  that  the  hole  is  on  the  opposite  side  of  the 
specimen . 

Delamination  -  Two  types  of  delamination  were  test- 
ed  by  conduction:  an  induced  edge  split  in  [0] 

Gr/Ep  (Fig.  8)  and  implanted  delaminations  (mylar- 
encapsulated  glass  microspheres)  one  quarter  to 
one  inch  square  located  one  to  four  plies  from  the 
surface  in  [0/ '45/90]  Gr/Ep  (Fig.  9).  Note  that 
isotherm  perturbations  locate  the  delaminations. 
Analytical  heat  transfer  calculations  (Fig.  10) 


indicate  that  a  one  inch  square  delamination  can  be 
detected  in  the  middle  of  a  32  ply  [0/ ->.45/90]  spec¬ 
imen.  Glass/epoxy  delamination  tests  are  underway, 
and  it  is  expected  that  they  will  more  readily  be 
observable  in  glass/epoxy  than  graphite/epoxy. 

Surface  cracks  -  Heat  conducted  in  a  direction  per- 
pendTcul ar  to  surface  cracks  shows  a  steep  gradient 
or  jump  right  next  to  the  crack  (Fig.  11).  On  the 
right,  a  previously  undetected  crack  from  a  partial 
through  hole  is  shown  by  "kinks"  in  otherwise 
smoothly  curving  isotherms-,  on  the  left,  the  crack 
at  the  side  of  an  edge  split  is  highlighted  by  a 
2.5“C  jump  in  temperature. 

Radiation/Convection  Method 

Partial  through  holes  and  delaminations  in 
graphite/epoxy  were  heated  by  a  350  watt  heat  gun, 
and  photographs  of  the  resulting  infrared  camera 
isotherm  pictures  were  examined. 


HEAT  HEAT  HEAT 

i  )  l  i  )  i  i  )  i 


I  ~  / 

(O)  GRAPHITE/EPOXY 


NOTE;  Arrows  under  plates  indicate  fiber  directions .  Heat  conducted  from  top 
of  specimens. 

Fig.  5  Perturbed  isotherm  patterns  around  %-inch-diameter  (0.63  cm)  through-hole  in  composite  plates,  EATF. 
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Partial  through-hole  (simulated  impact  damage)  - 
Figure  12  shows  results  of  heating  (left)  and 
cooling  (right)  the  front  surface  of  a  [0]  Gr/Ep 
sample  with  a  0.64  cm  di a .  back-surface  partial 
through  hole.  In  both  cases,  a  well-defined  hot 
(or  cool)  spot  is  produced,  giving  clear  indica¬ 
tion  of  the  location  and  size  of  the  flaw.  Note 
that  it  is  much  easier  to  identify  the  hot  spot 
from  the  radiation/convection  method  than  the  per¬ 
turbed  isotherms  from  the  conduction  method  (Fig. 
7). 

Delaminations  -  Three  different  types  of  delamina- 
tions  (edge  split-Fig.  13,  top  left,  edge  delam- 
ination-Fig.  13,  top  right,  and  implanted  mylar- 
glass  microsphere  delaminations-Fig.  13,  bottom) 
were  tested  in  Gr/Ep  composites.  The  shapes  and 
locations  of  the  flaws  are  clearly  defined,  even 
in  the  case  of  free  convection  cooling  of  the 
surface.  Fig.  13,  bottom  left. 


t  t 


Implanted  del  am-cooling  Implanted  del  am-heating 
Fig.  13  Radiation/convection  EATF  detection  of 


delaminations. 


HEATED  WITH  HEAT  GUN  COOLED  WITH  DAMP  CLOTH 

Fig.  12  Hot  and  cold  spots  at  partial  through- 
hole  on  back  surface,  [0]  Gr/Ep. 

Effects  of  Material  Conductivity  and  Applied  Heat 

In  the  conduction  method,- results  have  shown 
that  high  conductivities  are  required  in  the  direc¬ 
tion  of  intended  heat  flux.  This  will  insure  that 
a  temperature  gradient  extends  along  a  large  enough 
length  of  sample  to  allow  detectable  perturbed  iso¬ 
therms  to  form  in  the  flaw  vicinity,  and  will  pro¬ 
vide  a  reasonably  sized  area  to  be  tested.  Figure 
14  schematically  shows  that  the  extent  of  the  ther¬ 
mal  gradient  will  be  much  larger  in  aluminum,  gra¬ 
phite  aluminum,  and  graphite/epoxy  parallel  to 
fiber  direction  than  it  will  for  glass/epoxy  (an' 
direction)  or  graphite/epoxy  perpendicular  to  fioer 
direction. 

The  size  of  applied  .heat  source  to  achieve 
significant  temperature  gradients  by  conduction  in 
unidirectional  graphite/epoxy  parallel  to  fibers  Is 
shown  in  Fig.  15.  These  analytical  calculations 
agree  well  with  test  results,  and  show  that  in¬ 
creasing  heat  input  by  a  factor  of  ten  does  not 
even  double  the  length  of  composite  over  which  sig¬ 
nificant  temperature  gradients  are  obtained;  and  in 
fact  indicate  an  asymptotic  limit  of  about  X/L  =  0.7. 
Results  of  Fig.  14  show  that  lengths  will  be  consi¬ 
derably  less  for  Gr/Ep  perpendicular  to  fibers  and 
glass/epoxy.  Large  surface  areas  will  therefore  be 
difficult  to  examine  rapidly  by  the  conduction  me¬ 
thod.  Except  for  surface  crack  detection,  it  ap¬ 
pears  that  radiation/convection  is  the  better  meth¬ 
od  for  reasons  of  both  speed  and  ease  of  detection. 


=a/v/  y  \  i 

I  >  ‘ 


Fig.' 14  Temperature  (T)  vs.  Length  (X)  along  wide 
plate  heated  at  X=0. 


GRADIENT  LENGTH  X/L,  non-dim. 


Fig.  15  Heat  required  to  obtain  temperature  grad¬ 
ient  of  O.S°C/cm  vs.  extent  of  gradient. 
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STRESS  GENERATED  THERMAL  FIELD  (SGTF) 

In  using  a  stress -generated  thermal  field  to 
locate  defects  or  damage,  one  must  know  the  load 
amplitude  and  the  cyclic  frequency  which  will  pro¬ 
duce  desired  hot  spots  and  still  not  damage  the 
structure  (a  technique  for  flaw  location  that  re¬ 
duces  either  strength  or  lifetime  is  hardly  non¬ 
destructive).  Previous  research  (refs.  1-3)  has 
shown  that  significant  heat  can  be  generated  at 
crack  tips  or  near  holes  at  as  low  as  0.5  of  static 
ultimate  in  the  20-50  Hz  range  of  frequency  for 
graphite/epoxy.  Henneke  et  al .  (ref.  4)  have 
demonstrated  that  delaminations  can  be  detected  at 
ultrasonic  frequencies  with  negligible  load  ampli¬ 
tudes.  Figure  16  (upper  left)  shows  that  hot  spots 
can  be  seen  near  a  partial  through-hole  at  as  low 
as  0.1  of  static  ultimate  and  one  Hz;  but  that 
graphite/epoxy  (Fig.  16,  lower  left)  exhibits  no 
detectable  heat  at  0.3  of  static  ultimate  and  one 
Hz.  After  axial  cracks  developed  in  graphite/- 
epoxy  samples,  however,  the  rubbing  of  surfaces 
generated  considerable  detectable  heat,  ever,  at 
very  low  load  levels  (Fig.  16,  right). 

It  is  obvious  that  for  flaws  other  than  cracks 
which  produce  frictional  heat,  considerably  higher 


cyclic  frequencies  than  the  50  Hz  will  be  required 
so  that  peak  loads  may  be  kept  below  levels  which 
could  cause  failure.  Research  is  in  progress  to 
develop  the  load-frequency  relationship  required  to 
provide  adequate  heat  for  SGTF  thermographic  NDE. 

SURFACE  CHARACTERISTICS 


Since  thermography  relies  upon  surface  Infrared 
radiation  detection,  reflection  from  outside  energy 
sources  such  as  sun,  lights,  or  body  heat  may  give 
undesired  signals.  Also,  soil,  abrasions,  or  dif¬ 
ferent  paints  may  change  the  emissivity  of  the  sur¬ 
face  and  cause  spurious  readings  from  the  IR  camera. 

Reflectivity 

Reflections  from  body  heat  and  metal  objects 
from  unpainted  aluminum  surfaces  are  shown  in  Fig. 
17.  Reflections  from  shiny  graphite/epoxy  samples 
are  similar.  To  test  reflectivity  of  flat  paints, 
an  aluminum  sample  was  painted  half  flat  black, 
half  flat  white  (Fig.  18a).  No  reflection  of  body 
heat  was  discernable.  When  shiny  polymeric  Naval 
Aviation  paint  was  tested,  however,  considerable 
reflection  was  obtained  from  a  60  watt  heat  source 
located  1.2  m  from  the  specimen  (Fig.  18b).  Results 
show  that  care  must  be  taken  to  eliminate  sources  of 


(0/90)  GLASS  EPOXY 
1/4"  PARTIAL  THROUGH-HOLE 


(0)  GRAPHITE  EPOXY  AFTER  AXIAL 
CRACKING  FROM  1/4"  PARTIAL 
THROUGH-SLIT 


BEFORE  AXIAL  SPLIT 


AFTER  AXIAL  SPLIT  AT  0.3 
STATIC  ULTIMATE  LOAD 


(0)  GRAPHITE  EPOXY  WITH  1/4"  HOLE 
Fig.  16  Stress-generated  thermal  fields  (SGTF)at  R  =  0,1,  1  Hz. 
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CAR  KEY  REFLECTION  CAR  KEY  REFLECTION 

WITH  ISOTHERMS  WITH  GRAY  SCALE 


Fig.  17  Heat  reflected  from  unpainted  surface  of  6061 -T6  aluminum  specimens. 


BIACK  I  WHITE 

(a)  Flat  paint  (no  reflection)  (b)  White  polymeric  Naval  Aviation 

paint  (considerable  reflection). 
Similar  results  with  black,  orange. 

Fig.  18  Attempted  IR  reflection  of  heat  sources  from  painted  samples. 
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heat  reflection  such  as  lights,  sun,  etc.,  in  orde 
to  cut  down  on  spurious  readings. 

Emissivity 

Different  materials  radiate  infrared  waves  at 
different  levels.  Emissivity  is  a  measure  of  a 
surface’s  ability  to  radiate  such  waves.  If  a 
surface  has  varying  emissivity  from  point-to-point 
even  though  it  is  at  constant  temperature,  it  will 
cause  variations  in  radiation  seen  by  the  IR  cam¬ 
era  that  could  be  taken  for  flaws  by  a  technician. 
Figure  19a  shows  flat  black  and  flat  white  paints 
on  aluminum  where  heat  is  being  conducted  from  the 
top,  Note  that  there  is  no  difference  between  the 
two  paint  colors,  indicating  identical  emissivity. 
Naval  Aviation  paint,  on  the  other  hand,  exhibits 
significant  differences  in  emissivity  between 
white  and  orange  (Fig.  19b),  and  white  and  black 
(Fig.  19c).  White  is  on  the  right  in  all  pictures 
-  samples  were  heated  uniformly.  Variations  in 
heat  emitted  within  a  qiven  paint  sample  are  dis¬ 
cussed  below. 

Other  Surface  Phenomena 

Tn  Figs.  19b~and  c,  horizontal  "streaking" 
can  be  seen  in  the  infrared  display  for  supposedly 
uniform  samples  of  black,  orange,  and  white  Naval 
Aviation  paint.  Upon  investigation,  it  was  found 
that  this  nonuniformity  is  due  to  variations  in 
paint  thickness.  The  aluminum  plates  of  high  con¬ 
ductivity  are  covered  with  polymeric  paint  of  low 
conductivity  which  acts  as  an  insulator.  Paint 
thickness  variations  show  up  as  temperature  varia¬ 
tions  on  the  heated  sample's  surface.  Figure  20 
shows  this  effect  on  a  heated  sample  with  white 
paint  over  the  entire  surface.  The  only  non-uni¬ 
formities  in  the  sample  are  the  paint  thickness 
variations.  At  present,  it  is  thought  that  paint 
thickness  variations  will  have  less  effect  on  ma¬ 
terials  such  as  fiber  reinforced  epoxy  composites, 
because  thermal  conductivities  of  paint  and  struc¬ 
tural  composites  are  the  same  order  of  magnitude. 
Samples  are  being  prepared  to  test  this  hypothesis. 

Abrasions  on  surfaces  can  also  affect  results. 
Figure  21  shows  an  infrared  black/white  photograph 
of  a  graphite/epoxy  laminated  plate  whose  surface 
is  polished  except  for  four  areas  which  are  rough 
(as  if  sanded).  The  picture  was  taken  in  complete 
darkness  and  the  surface  was  completely  uniform  in 
temperature.  The  rough  areas  are  light  and  the 
polished  portions  of  the  plate  are  darker,  indica¬ 
ting  that  abrasions  can  also  give  thermographic 
readings  which  could  be  interpreted  as  flaws  or 
defects. 


HARDWARE  CONSIDERATIONS 

Tests  run  to  date  have  led  to  the  following 
conclusions  concerning  the  type  of  equipment  which 
will  be  necessary  to  perform  NDE  by  thermography: 

Black,  gray,  and  white  isotherm  video  readout 
will  be  as  effective  in  visualizing  defects  as 
color  isotherms. 

Full-scale  sensitivity  ranges  between  1°C  and 
5°C  work  best  for  the  flaws  and  materials  tested. 
Variable  positioning  of  these  ranges  on  the  abso¬ 
lute  temperature  scale  is  necessary  in  order  to  be 
able  to  adjust  for  differing  ambient  temperatures. 

Even  for  the  conduction  method  of  heat  appli¬ 
cation,  a  radiative  heat  source  has  found  to  be 
better  than  strip  heaters  or  thermal  blankets  for 
reasons  of  portability  and  flexibility. 


(a)  Flat  paint  (no  differ-  (b)  Naval  Aviation 
ence).  paint  (2°C  equiv. 

difference) , 


BLACK  J  WHITE 


(c)  Naval  Aviation  paint 
(2°C  equiv.  difference). 


Fig.  19  Paint  emissivity  differences  (uniform  temp). 


Fig.  20  IR  radiation  difference  from  uniform 
temperature  aluminum  sample  painted 
completely  white  showing  paint 
thickness  variations. 
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Fig.  21  Rough  surface  abrasions  on  polished  Gr/Ep 
surface,  constant  temp.,  no  reflections. 

CONCLUSIONS 

The  following  conclusions  have  been  reached 
concerning  EATF  and  SGTF  thermographic  NDE  of 
composites. 

The  feasibility  of  locating  delaminations, 
impact  damage,  and  surface  cracks  in  composites 
by  thermography  has  been  demonstrated.  It  appears 
that  there  will  be  limits  on  sizes  and  locations 
of  the  various  types  of  flaws  which  can  be  detected, 
and  these  limits  will  be  dependent  upon  heat  source 
type  and  size  (EATF),  cyclic  load  level  and  fre¬ 
quency  (SGTF),  specimen  thickness,  and  material 
conductivity.  A  large  radiative  heat  source  cap¬ 
able  of  causing  transient  surface  thermal  condi¬ 
tions  will  probably  be  required  to  obtain  optimum 
flaw  detection  capability. 

Surface  characteristics  (paint  type,  emissiv- 
ity,  reflectivity,  soil,  abrasions)  are  critical 
to  accuracy  of  results.  Surfaces  to  be  tested 
must  be  shielded  from  background  energy  inputs 
such  as  sun,  lights,  and  engine  exhausts. 

Additional  details  of  the  research  performed 
and  some  results  for  aluminum  structures  can  be 
found  in  references  5-7. 

ACKNOWLEDGEMENTS 


2.  Whitcomb,  J.  D.,  "The'mographic  Measurement 
of  Fatigue  Damage",  MSA  Technical  Memorandum 
78S93,  May  1978. 

3.  Charles,  0.  A.,  "Liquid  Crystals  for  Flaw 
Detection  in  Composites",  ASTM  Committee  D-30 
Conference  on  NDE  and  Flaw  Criticality  for 
Composite  Materials,  Philadelphia,  10-11  Oct. 

1978. 

4.  Henneke,  E.  G,,  II,  Reifsnider,  K.  L.,  and 
Stinchcomb,  W.  W.,  "NDE  of  Composites  by 
Vibrothermography" ,  Review  of  Progress  in 
Quantitative  NDE,  DARPA/AF,  July  14-18,  1980. 

5.  McLaughlin,  P.  V.,  Jr.,  McAssey,  E.  V.,  Jr., 
and  Deitrich,  R,  C.,  "Aerostructure  Nondes¬ 
tructive  Evaluation  by  Thermal  Field  Tech¬ 
niques",  Report  NAEC-92-131,  Naval  Air 
Engineering  Center,  Lakehurst,  NJ,  November, 

1979. 

6.  McLaughlin,  P.  V.,  Jr.,  McAssey,  E.  V.,  Jr., 
and  Deitrich,  R.  C.,  "Non-Destructive  Exami¬ 
nation  of  Fiber  Composite  Structures  by  Thermal 
Field  Techniques",  NDT  International,  Volume 
13,  April,  1980,  ppT5E'^2. 

7.  McAssey,  E.  V.,  Jr.,  McLaughlin,  P.  V.,  Jr., 
Koert,  D.  N.,  and  Deitrich,  R.  C.,  "Thermo¬ 
graphic  NDT  of  Composites  Using  Externally 
Applied  Thermal  Fields",  Proceedings,  35th 
Annual  Conference,  Reinforced  Plastics/ 
Composites  Institute,  S.P.I.,  February,  1980, 
pp.  26A  1-8. 


This  work  has  been  supported  by  the  Naval  Air 
Engineering  Center,  Lakehurst,  NJ,  under  contracts 
N68335-78-M-5337  and  N68335-79-C-1084.  The  authors 
are  grateful  to  Mr.  C.  Chance  of  Grumman  Aerospace 
Corp.,  Dr.  W.  E.  Dance  of  Vought  Corp.,  Dr.  0.  F. 
Kay  and  Mr.  L.  R.  Nadwodney  of  Owens/Corning 
Fiberglas  Corp.,  and  Dr.  A.  J.  Hannibal  of  Lord 
Corporation  for  providing  composite  samples. 

Thanks  are  due  to  Dr.  11.  R.  Scott  of  the  Naval  Air 
Development  Center  for  his  advice  during  this 
effort. 


REFERENCES 

1.  Reifsnider,  K,  L.,  and  Stinchcomb,  W.  W., 
"New  Methods  of  Mechanical  Materials  Testing 
Using  Thermography",  Proceedings,  Infrared 
Information  Exchange,  1976. 


68 


\ 

NONDESTRUCTIVE  EVALUATION  OF  GRAPHITE/EPOXY  COMPOSITE  DAMAGE 


S,  W.  Schramm,  I.  M.  Daniel,  and  W.  G.  Hamilton 
I  IT  Research  Institute 
Chicago,  Illinois  60616 


ABSTRACT 

Ultrasonic  and  acoustic  emission  techniques  were  used  to  monitor  and  evaluate  material  damage  in  a 
graphite/epoxy  laminate  containing  a  machined  hole  as  an  initial  flaw  and  subjected  to  fully  reversed 
spectrum  fatigue  loading  at  room  temperature.  It  was  found  that  the  flaw  growth  progressed  radially 
around  the  initial  hole  at  a  uniform  rate  during  cycling  at  the  lower  stress  levels.  At  the  higher  levels, 
material  damage  accelerated  dramatically,  progressing  faster  in  the  transverse  direction  toward  the  free 
edges.  By  close  examination  of  the  A-scan  and  RF  spectrum  photographs,  it  was  determined  that  damage 
modes  could  be  defined  as  to  their  extent  and  relative  location  within  the  specimen.  These  conclusions 
were  supported  by  photographs  of  the  failed  specimen. 


EXPERIMENTAL  PROCEDURE 

Specimen  -  The  specimen  was  a  16-ply  graphite/epoxy 
(A$350l-5A)  coupon  of  [ (0/±45/90)sl p  layup.  The 
specimen  gage  section  was  5.08  cm  (2  in.)  long  and 
3.81  cm  (1.5  in.)  wide.  The  initial  flaw  was  a 
0.795  cm  (0.313  in.)  diameter  hole  bored  into  a 
previously  unflawed/undamaged  specimen.  The  hole 
was  drilled  using  a  diamond  tipped  coring  bit 
mounted  on  a  variable  speed  drill  press.  Figure  1 
shows  the  specimen  after  the  hole  was  drilled  and 
before  fatigue  loading  was  begun.  The  fiber  damage 
around  the  hole  was  caused  by  the  coring  bit  when 
it  penetrated  the  back-side  of  laminate.  An  ultra¬ 
sonic  C-scan  of  the  specimen,  Fig.  2,  and  corre¬ 
sponding  A-scans,  showed  the  damage  was  superficial. 
Previous  experience  Indicated  that  this  type  of 
superficial  damage  does  not  influence  appreciably 
material  damaye  caused  by  fatigue  loading. 


Fig.  1 

Test  Specimen  with  Initial  Flaw  (Hole) 
Before  Fatigue  Loading 


Loading  -  The  test  specimen  was  preconditioned  by 
oven -drying  at  347  deg  K  (165°F)  for  five  days. 

The  specimen  was  tested  under  ambient  environmental 
conditions  because  the  acoustic  emission  transducers 
did  not  work  well  in  humid  and/or  hot  environments. 

The  specimen  was  stress-cycled  in  a  five- 
position  chain,  with  load  applied  through  an  elec- 
trohydraulic  closed-loop  system.  The  load  spectrum 
consisted  of  127,500  cycles  of  tension-compression 
at  various  levels  of  peak  stress  per  life-time. 

At  a  cycling  frequency  of  three  Hertz,  this  was  ac¬ 
complished  in  approximately  twelve  hours.  The 


Fig.  2 

C-scan  of  Test  Specimen  with  Initial 
Flaw  (Hole)  Before  Fatigue  Loading 

specimen  studied  was  cycled  to  peak  levels  of 
161  MPa  (23  ksi ) ,  223  MPa  (32  ksl)  and  276  MPa 
(40  ksl)  applied  over  510,000,  510,000,  and 
254,428  cycles,  respectively,  In  an  effort  to  ac¬ 
celerate  and  extend  the  materia’  damage. 

NONDESTRUCTIVE  MONITORING 

Acoustic  Emission^  -  The  acoustic  emission  system 
consisted  of  0.95  cm  (0.38  in.)  diameter  broadband 
transducers  operational  in  the  0  to  1  MHz  range. 

A  transducer  was  attached  to  the  specimen  using  a 
clip  and  an  acoustic  coupling  medium  to  minimize 
the  entrance  of  extraneous  transient  noise  into  the 
system.  Fig.  3.  The  acoustic  signal  was  fed  Into  a 
databus  after  being  processed  by  180  to  210  KHz 
filters  and  then  by  preamplifiers.  The  databus 
operated  at  a  0.1  sec.  sampling  rate  feeding  an 
eight  channel  event  recorder  and  chart  recorder  for 
hard  copies  of  the  data.  Acoustic  emission  records 
consisted  of  both  Instantaneous  rate  and  cumulative 
counts  recorded  for  the  entire  fatigue  spectrum. 

As  mentioned  earlier,  filters  were  used  be¬ 
tween  the  acoustic  emission  transducer  and  recorders. 
The  frequency  band  of  these  filters  was  carefully 
selected  to  allow  only  noise  generated  by  the 
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F-ig.  3 

Specimen  with  Compression  Stabilization  Plates 
and  Acoustic  Emission  Transducer 

specimen  to  be  recorded.  The  filter  frequency  band 
was  determined  by  testing  until  all  extraneous 
noises  could  be  identified  and  blocked  out.  Also, 
to  guarantee  that  no  other  sound  sources  existed, 
the  specimen  was  the  only  one  present  in  the  fa¬ 
tigue  chain  during  testing.  The  remaining  four 
positions  were  filled  with  aluminum  "dummy"  speci¬ 
mens.  Whenever  possible  the  specimen  was  run  at 
night  when  the  chance  of  picking  up  background 
noise  from  other  electric  equipment  was  at  a  mini¬ 
mum. 

3 

Ultrasonic  Monitoring  -  At  intervals  corresponding 
to  each  half  lifetime  of  loading,  the  specimens 
were  removed  from  the  fatigue  machine  and  inspected 
ultrasonically.  The  ultrasound  was  transmitted  and 
received  with  a  single  5  MHz  focused  immersion 
transducer  of  2.54  cm  (1.0  in.)  diameter  and  6.35  cm 
(2.5  in.)  focal  length.  These  dimensions  produce  a 
focal  spot  of  approximately  1.27  mm  (0.05  in.)  in 
diameter,  which  is  comparable  to  the  thickness  of 
commonly  inspected  laminates. 

The  transducer  was  operated  by  an  ultrasonic 
analyzer  operating  in  the  pulse  echo  mode.  The 
analyzer  provides  a  time  domain  output  for  viewing 
the  received  pulse  on  an  oscilloscope  (A-scan)  and 
a  peak  output  detector  for  detecting  and  recording 
the  local  peak  within  the  gated  portion  of  the 
pulse. 

The  scanning  system  that  was  used  to  inspect 
the  specimen  is  capable  of  automatically  scanning 
and  indexing  the  transducer  so  specimens  up  to  ap¬ 
proximately  38  cm  (15  in.)  square  can  be  inspected 
with  a  single  positioning. 

The  transducer  is  linked  to  an  X-Y  recorder  via 
displacement  transducers  so  that  a  hard  copy  of  the 
data  can  be  generated.  Figure  4  shows  the  various 
types  of  scans  which  can  be  generated  by  the  system 
at  this  time.  Figure  4a  is  a  C-scan  representation 
of  a  [ (0/±45/90)s) 2  graphite/epo*y  specimen  with  an 
initial  flaw  in  the  form  of  a  circular  hole.  In 
this  mode  an  alarm  circuit  with  two  limits  is  used 


which  causes  the  pen  to  lift  from  the  paper  whenever 
the  set  limits  are  exceeded.  These  limits  were  de¬ 
termined  using  a  standard  specimen. 

Figure  4b  is  an  analog  scan  of  the  same  speci¬ 
men.  In  this  mode  the  gated  peak  voltage  of  the 
reflected  pulse  is  recorded  as  a  deflection  of  the 
pen  normal  to  the  scanning  direction.  The  variations 
of  this  voltage  are  related  to  the  presence  of  flaws. 

Figure  4c  is  an  offset  angle  analog  scan  of  the 
same  specimen.  In  this  mode  a  component  of  the 
X-axis  signal  is  fed  into  the  Y-axis  signal  result¬ 
ing  in  a  perspective  view  of  the  specimen.  Flaws 
now  appear  as  troughs  and  gray  tones  on  a  uniformly 
displaced  background. 

When  a  series  of  C-scans  for  one  specimen  are 
superimposed  upon  one  another  a  flaw  map  is  gen¬ 
erated.  In  this  way  the  total  flaw  growth  history 
for  a  spev.'inen  can  be  presented  in  one  illustration. 

The  ultrasonic  scanning  was  rigidly  controlled 
with  all  variable  setting  controls  considered  frozen 
throughout  the  test.  A  fixture  was  used  to  insure 
the  relative  position  of  the  specimen  to  the  scan¬ 
ning  transducer  for  each  inspection.  Usually  the 
C-scan  is  the  only  hard  copy  representation  of  a 
specimen  under  normal  conditions,  but  this  Is  only 
a  small  part  of  the  data  available  by  ultrasonic 
inspection.  In  addition  to  C-suans,  such  as  Fig.  2, 
the  ultrasonic  wave  was  analyzed  and  recorded  on  a 
spot  basis  by  photographing  the  ultrasonic  pulse  on 
the  oscilloscope  (A-scan)  and  the  frequency  spec¬ 
trum  of  the  pulse. 

GENERAL  PROCEDURES 

To  minimize  the  possibility  of  generating  false 
or  misleading  data  extreme  care  was  taken  during  the 
testing  procedure.  The  testing,  including  insertion 
and  removal  from  the  fatigue  machine,  attachment  and 
removal  of  the  acoustic  transducer,  and  ultrasonic 
scanning,  was  conducted  by  one  person.  Photographs, 
such  as  shown  in  Fig.  1  were  taken  at  regular  inter¬ 
vals  to  supplement  the  acoustic  emission  and  ultra¬ 
sonic  data.  Due  to  its  operation  characteristics 
the  ultrasonic  scanner  may  not  pick  up  surface 
irregularities  which  can  be  seen  if  the  specimen  is 
inspected  visually. 

To  avoid  damage  to  the  specimen  during  inser¬ 
tion  or  removal  from  the  chain  a  special  torquing 
sequence  was  developed  for  the  grip  bolts.  This 
sequence  required  the  use  of  a  preset  torque  wrench 
which  would  assure  satisfactory  gripping  forces  on 
the  tabs  of  the  specimen  without  causing  bending  or 
damage  to  the  specimen.  Also,  to  avoid  buckling  or 
bending  of  the  specimen  during  loading,  stabiliza¬ 
tion  plates,  visible  in  Fig.  3,  were  attached  over 
the  center  of  the  specimen  gage  section.  A  teflon 
film  was  placed  on  the  stabilization  plate  to  mini¬ 
mize  friction  and  extraneous  noises. 

RESULTS 

2 

Acoustic  Emission  -  Figure  5  shows  flaw  maps  of  the 
cumulative  damage  through  0,  4,  8,  and  just  before 
10  lifetimes,  respectively.  As  was  seen  for  other 
specimens  with  this  initial  flaw  type,’  the  flawed 
area  increased  in  a  generally  radial  pattern  around 
the  hole  at  a  nearly  uniform  rate.  The  damage  indi¬ 
cated  in  Fig.  5a  is  associated  with  the  fiber  break¬ 
age  caused  when  the  hole  was  machined.  The  rapid 
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acceleration  of  the  flaw  damage  between  Figs.  5c 
and  5d  was  expected  because  the  maximum  testing 
stress  of  223  MPa  (32  ksi)  specified  in  the  initial 
program  for  this  material  was  exceeded.  The  maximum 
peak  stress  of  276  MPa  (40  ksi)  was  applied  at  'he 
end  of  eight  lifetimes  of  testing  and  mainlined  un¬ 
til  failure,  which  occured  very  near  the  end  of  the 
tenth  lifetime  (1,  274,  428  cycles). 

The  acoustic  emission  charts  for  the  first 
eight  lifetimes  were  definitely  in  keeping  with  the 
relative  damage  indicated  by  ultrasonic  inspection. 
Very  little  acoustic  activity  was  present  curing 
this  period  and  it  was  of  a  uniform  intensi+y  level 
with  the  major  peaks  occuring  when  high  load  was 
applied  for  short  periods.  This  implies  that  what 
little  damage  did  occur  during  each  half-life 
happened  at  the  higher  load  levels. 

Previous  work  in  monitoring  graphite/epoxy 
laminates  under  static  load  indicated  that  we  should 
not  have  expected  major  activity  until  the  223  MPa 
(32  ksi)  stress  limit  was  surpassed.  Figures  6  and 
7  show  acoustic  emission  records  between  8^  and  TO 
lifetimes  when  extensive  flow  growth  was  detected 
ultrasonically. 


Figure  6  shows  a  general  increase  in  the  acous¬ 
tic  emission  response  at  peak  loads  while  the  re¬ 
sponse  to  low  load  ppllcatlons  decreases  during  the 
9th  lifetime.  Acoustic  emission  activity  increases 
generally  after  8%  lifetimes  up  to  a  point  where  a 
large  amount  of  activity  is  recorded  culminating  in 
a  massive  burst  (arrow  in  Fir,  7).  Close  examina¬ 
tion  of  the  specimen  after  the  19th  half-lifetime 
showed  the  presence  of  a  large  delamination  visible 
on  the  boundary  of  the  circular  hole.  Since  no 
sign  of  such  damage  was  present  before  the  19th 
half-lifetime  it  has  been  concluded  that  the  forma¬ 
tion  of  the  delamination  coincided  with  the  acous¬ 
tic  emission  burst.  Since  the  specimen  failed 
before  completion  of  the  half  lifetime  following  the 
one  where  the  massive  burst  occurred,  It  Is  safe  to 
say  that  the  acoustic  emission  indicated,  if  not 
predicted,  that  failure  was  iiminent. 

The  specimen  failed  after  1,274,428  cycles  were 
applied  (nearly  10  lifetimes),  the  load  at  failure 
was  22.68  kN  (5039  lb)  corresponding  to  a  stress 
level  of  276  MPa  (40  ksi).  Figure  8  shows  the 
failed  specimen  in  the  load  chain.  The  specimen 
failed  at  the  center  of  the  gage  section  through  the 
circular  hole;  this  indicates  that  the  failure 
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Fig.  6 

Acoustic  Emission  and  Corresponding  Load  Spectrum  for  [ (0/±45/90)s]v  Graphite/Epoxy  Specimen  with 

Hole  for  8H  and  9  Lifetimes 
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Fig.  7 

Acoustic  Emission  and  Corresponding  Load  Spectrum  for  [(0/±45/90)s] ?  Graphite/Epoxy  Specimen  with 

Hole  for  9>$  and  10  lifetimes 


Fig.  8 

Failed  Specimen  in  Fatigue  Chain 


mechanism  was  material  fatigue,  not  failure, due  to 
bending  of  the  specimen  or  overtightening  of  the 
grips. 

Ultrasonic  Monitoring  -  Figures  9,  10,  and  11  show 
representative  C-scan,  A-scan  and  RF  spectrum  data 
for  the  test  specimen  at  the  indicated  Inspection 
times.  Figure  9a  shows  the  baseline  responses  of 
the  A-scan  and  RF  spectrum  when  no  material  is  seen 
by  the  ultrasonic  wave.  The  scatter  on  the  RF  spec¬ 
trum  is  due  to  feedback  noise  from  the  A-scan  oscil¬ 
loscope.  Figure  9b  shows  the  baseline  A-scan  and  RF 
spectrum  responses  when  the  ultrasound  passes  through 
an  undamaged  section  of  the  specimen. 

Figure  9c  through  lib  show  how  the  A-scan  and 
RF  spectrum  change  as  fatigue  cycles  are  accumulated. 
C-scan  Inspections  at  4,  5,  and  5H  lifetimes  (Figs. 

9,  10a,  and  10b,  respectively)  indicate  little  damage 
growth  in  the  area  of  the  point  of  analysis.  In  con¬ 
trast,  the  A-scans  and  RF  spectra  have  changed 
appreciably  from  those  In  Fig.  9  indicating  a  defi¬ 
nite  change  in  the  material  Integrity  near  the  point 
of  analysis.  The  characteristic  which  Indicates  the 
material  degradation  is  the  back-face  reflection  of 
the  A-scan  wave.  The  level  of  ultrasound  attenua¬ 
tion,  which  indicates  the  presence  and  severity  of 
an  abnormality  in  the  material,  Is  represented  by  a 
change  in  the  amplitude  of  the  back-face  reflection, 
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POINT  OF  ANALYSIS 


Fig.  9 

Ultrasonic  Inspection  Data  at  the  Indicated  Point  of  Analysis  After 
(a)  0,  (b)  0,  and  (c)  4  Lifetimes  of  Load  Application 
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of  the  ultrasonic  wave.  For  16-ply  graphite/epoxy 
specimens,  the  alarm  voltage  window,  indicating  no 
material  damage,  was  1.5  to  3.5  volts.  In  Fig,  9b 
the  back-face  reflection  amplitude  is  slightly 
greater  than  1.5  volts  indicating  undamaged  material. 
When  the  specimen  was  inspected  at  the  end  of  5H 
lifetimes,  the  back-face  reflection  amplitude  had 
decreased  to  a  value  of  approximately  0.25  volts. 

The  decrease  to  0.25  volts  took  place  in  increments 
of  approximately  0.25  volts  per  inspection.  This 
implies  that  the  severity  of  the  material  damage, 
which  was  determined  to  be  a  delamination  in  post¬ 
failure  analysis,  increased  slowly  as  the  fatigue 
cycles  accumulated.  The  amplitude  of  the  back-face 
reflection  is  of  such  a  magnitude  at  the  5^  life¬ 
time  inspection  that  the  delamination  had  formed, 
but  was  still  tight  enough  to  allow  passage  of  the 
ultrasound  between  the  two  adjoining  plies. 

By  the  64  lifetime  inspection,  Fig.  10c,  and 
up  through  the  9  lifetime  inspection,  Fig.  11a,  only 
a  faint  back-face  reflection  amplitude  can  be  seen. 
During  this  period  it  has  been  determined,  using 
additional  data  not  presented  herein,  that  the  de¬ 
lamination  began  to  progress  transversely  across  the 


specimen  from  the  hole  towards  the  free-edge.  This 
is  evidenced  by  the  tendrils  of  flawed  area  shown  in 
the  C-scan  at  the  completion  of  9  lifetimes  of 
cycling,  Fig.  11a.  When  the  specimen  was  inspected 
after  94  lifetimes  the  delamination  was  severe 
enough  that  the  ultrasound  could  not  pass  across  the 
gap,  hence,  no  back-face  reflection  was  evident. 

The  extent  of  the  area  of  damage  after  9  lifetimes 
(C-scan  Fig.  11a)  and  the  severity  of  the  damage 
after  94  lifetimes  (A-scan  Fig.  11b)  given  adequate 
warning  of  the  failure  which  occurre.,  during  the 
twentieth  halflife  of  cycling.  Similar  trends  are 
present  in  other  areas  of  the  specimen  near  the 
hole,  but  the  vrlume  of  data  required  to  show  these 
trends  would  be  extremely  high.  During  the  course 
of  the  investigation  forty-one  C-scans,  316  A-scan/ 
RF  spectrum  photographs,  and  120  feet  of  acoustic 
emission  data  was  generated  for  this  single  specimen. 

The  photograph  (Fig,  12)  shows  the  failed 
specimen  after  removal  from  the  fatigue  chain.  The 
massive  delamination  shown  on  the  photo  labeled 
"Failure  Surface  A-B"  was  the  source  of  the  data 
presented  above.  Presently,  additional  work  is 
being  done  to  correlate  C-scan/A-scan/RF  spectrum 
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Fig.  12 

Failed  Specimen  After  Removal 
From  Fatigue  Chain 

data  with  the  photographs  of  the  failed  specimen. 
The  goal  is  to  establish  a  relationship  between 
A-scan/RF  spectra  signatuies,  and  the  type  of 
material  damage.  In  this  manner,  the  criticality 
of  the  material  damage  of  a  component  in-service 
could  be  assessed.  This  ultimately  minimizes  the 
need  for  replacement  of  good  components  because  they 
appear  to  have  strength  reducing  damage. 

CONCLUSIONS 

1.  For  the  singld  specimen  investigated,  there 
was  a  clear  correlation  between  acoustic  emis¬ 
sion  activity  and  material  damage. 

2.  Acoustic  emission  identified  the  exact  point 
where  major  material  damage  occurred  and,  in 
doing  so,  predicted  the  failure  that  followed. 

3.  Critical  flaw  sizes  must  be  determined  for  com¬ 
posites  since  the  formation  of  noncritical 
flaws  may  have  a  high  level  of  acoustic  emis¬ 
sion  associated  with  It. 

/ 

4.  Additional  work  must  be  conducted  to  establish 
a  correlation  between  specific  acoustic  emis¬ 
sion  outbursts  to  the  type  of  material  failure 
which  caused  the  energy  release,  e.g.,  fiber 
breakage  or  matrix  cracking. 

5.  More  sensitive,  less  environmentally  affected, 
acoustic  emission  transducers  are  necessary. 

6.  Both  A-scan  and  RF  spectrum  data,  when  used  in 
conjunction  with  ultrasonic  C-scans,  can  give 
an  indication  of  the  extent,  severity,  and 
location  of  delaminations  within  a  laminated 
composite  material . 
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NONDESTRUCTIVE  EVALUATION  OF  COMPOSITE 
MATERIALS  WITH  BACKSCATTERING  MEASUREMENTS 

by 
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Systems  Research  Laboratories,  Inc.,  Dayton,  Ohio 
anti 

R.  L.  Crane 

AFWAL/MLLP ,  WPAFB,  Ohio 
ABSTRACT 

Initial  experiments  have  been  performed  to  characterize  the  scattering  of  acoustic  waves  from  glass/ 
epoxy  and  graphite/epoxy  composite  panels.  Experiments  were  conducted  in  the  region  0.1  1  ka  <  1 .0  on 
both  types  of  fiber  reinforced  composites.  The  data  clearly  show  that  a  maximum  in  the  backseat tering 
ultrasonic  energy  occurs  for  orientations  which  place  the  fiber  axis  perpendicular  to  the  propagation 
vector . 


INTRODUCTION 

The  propagation  of  elastic  wave  through  fiber 
reinforced  composite  is  a  very  complex  process.  As 
it  travels  through  the  material,  the  acoustic  wave 
is  dramatically  affected  by  the  anisotropic  nature 
of  the  layered  composite.  Significant  changes  also 
result  from  the  multiple  scattering  events  that 
occur  because  of  the  myriad  of  stiff  fibers  in  a 
soft  plastic  matrix.  Only  recently  have  theoreti¬ 
cal  and  experimental  studies  begun  to  unravel  the 
subtleties  of  the  acoustic  wave/composite  interac¬ 
tion. 

The  objective  of  this  research  work  has  to 
study  the  multiple  scattering  phenomena  in  fiber 
reinforced  composites,  as  revealed  by  backseat ter¬ 
ing  measurements. 


RESULTS  AND  DISCUSSION 

An  experimental  apparatus  was  built  to  permit 
rotating  test  specimen  while  maintaining  a  constant 
angle  of  incidence.  By  varying  the  fiber  diameter 
and  the  frequency  of  the  incident  wave,  tests  were 
conducted  in  the  pseudo-Rayleigh  scattering  range 
0.1  S  ka  s  1.0,  where  k  is  the  wave  number  and  a  is 
the  fiber  diameter.  The  comp  -site  materials  exam¬ 
ined  were  graphite/epoxy  and  glass/epoxy.  A  schem¬ 
atic  of  the  experimental  set-up  and  nomenclature 
are  shown  in  Fig,  1.  Measurements  of  backscatter- 
ing  were  averaged  over  32  points  on  the  specimen 
for  a  constant  incident  angle.  As  expected,  the 
backscattering  (scattering  detected  by  the  sending 
transducer)  is  maximum  for  orientations  that  place 
the  fibers  in  a  specific  ply  perpendicular  to  the 
ultrasonic  beam,  (see  Fib.  2).  Also  shown  in  Fig. 

2  is  the  effect  of  surface  roughness  which  contri¬ 
buted  about  1  dB  to  the  backscattered  energy.  This 
can  be  nearly  eliminated  by  polishing  the  specimen 
surface.  In  Fig.  3  a  schematic  diagram  is  shown 
as  a  guide  in  determining  fiber  angle  In  a  quazi- 
isotropic  laminate.  Using  this  simple  convention 
then  Figs.  4  and  5  demonstrate  the  ease  of  using 
backscattering  information  to  determine  ply  orien¬ 
tation. 

The  width  of  the  backscattering  peak  is  af¬ 
fected  by  both  the  beam  divergence  and  the  uniform¬ 
ity  of  fiber  alignment.  If  beam  divergence  is  con¬ 
stant,  then  the  peak  width  may  be  used  to  estimate 
the  amount  of  waviness  In  an  otherwise  parallel  row 
of  fibers.  To  demonstrate  this,  a  sample  with  a 
30°  misalignment  was  fabricated.  The  effect  of 


this  misalignment  is  shown  along  with  perfectly 
aligned  sample  in  Fig.  6.  The  increased  bandwidth 
was  capable  of  determining  misalignment  to  an  ac¬ 
curacy  of  ±  1°  of  arc.  This  is  shown  in  Fig.  7, 
where  the  actual  angle  versus  the  calculated  mis¬ 
alignment  angles  are  plotted. 

Backscattering  is  observed  whenever  a  discon¬ 
tinuity  is  encountered  by  the  acoustic.  Defects 
such  as  a  porosity  with  spherical  symmetry,  result 
in  a  uniform  increase  of  scattering  over  wide 
angles  as  shown  in  Fig.  8. 

it  is  concluded  that  backscattering  measure¬ 
ments  may  be  used  to  determine  fibers  orientation, 
misalignment  and  in  some  cases  the  presence  of 
porosity.  Further  work  is  underway  to  quantify  the 
angular  dependence  and  intensity  of  backscattering 
in  composite  materials. 


WHERE : 

a  -  ANGLE  OF  INCI0ENCE 

1 3  -  ANGLE  between  Y-AXIS  and  the  transmitter 

BEAM  TRAJECTORY  ON  THE  LAYER  PLANE 


Fig.  1.  Schematic  representation  of 
experimental  set-up  used  to 
measure  backscattering  from 
composite  samples. 
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Fig  2  Backscattering  from  unidirectional 

([0]8)G1/EP  composite  for  a  30°  angle 
or  incidence.  The  effect  of  surface 
roughness  is  also  shown. 


Fig.  3  Angular  convention  used  to  determine 
fiber  orientation  in  backscattering 
experiments . 


Fig  4  Backscattering  from  a  qnazi-isotropic 
(£0,  "£45,  90]-,)  composite  for  a  30° 
angle  of  incidence.  Scattering  from 
each  ply  is  apparent  (see  Figure  3) . 


Fig.  5  Backscattering  from  graphite/epoxy  c< 
posite  [0°,  -15°,  -30°,  +45°,  -60  , 
+75°,  90°fc.  Angle  of  incidence  was 
40°.  *S 
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Fig,  6  The  effect  of  misalignment  on  back- 

scattering  from  single-ply  glass/epoxy 
material. 


Fig.  6  Backscattering  from  [0,90]  glass/ 

epoxy  composite  both  with  and  without 
porosity.  Glass  micro-balloons  were 
used  to  simulate  porosity. 


Fig.  7  Comparison  of  measured  and  actual 
fiber  misalignment  in  glass/epoxy 
composite  material. 
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Stony  Brook,  N.Y.  11794 


ABSTRACT 

The  development  of  the  mechanical  strength  of  composite  materials  which  are  consolidated  by  cemen- 
taceous  bonds  has  been  monitored  by  observation  of  the  ultrasonic  properties  over  the  evolution  of  bond 
growth.  The  granular  nature  and  weak  bonding  of  these  materials  produce  high  attenuation  of  the  ultra¬ 
sonic  signal  and  observation  is  difficult,  particularly  in  larger  structures.  In  order  to  obtain  ultra¬ 
sonic  parameters  with  high  resolution  and  to  overcome  the  effects  of  grain  scattering,  a  system  based  on 
a  minicomputer  and  array  processor  has  been  implemented  which  provides  time  and  frequency-domain  process¬ 
ing  and  aperture  synthesis.  This  ultrasonic  data  provides  a  reliable  measure  of  the  structural  integ¬ 
rity  of  these  materials. 


INTRODUCTION 

The  quality  of  composite  materials  has  been 
traditionally  evaluated  by  the  measurement  of  com¬ 
pressive  strength  (ASTM-C39) ,  This  technique  is 
well  established,  but  is  destructive,  requires  con¬ 
siderable  replication,  and  is  of  limited  value  in 
determining  local  Inhomogeneity  and  structure.  Ul¬ 
trasonic  techniques  can  provide  a  non-destructive 
method  of  analysis  and  have  been  used  on  larger 
structures  as  in  the  concrete  industry’  to  predict 
the  viability  of  structural  materials.  A  class  of 
composite  materials  consisting  of  fly-ash  and  a 
form  of  gypsum  (CaS04)  which  arc  bonded  into  a 
solid  by  various  cementaceous  reactions  are  cur¬ 
rently  under  study  to  determine  the  feasibility  of 
using  this  process  for  the  ocean  disposal  of  waste 
from  coal -fired  power  pi  ants2 ■  This  program  in¬ 
volves  a  five-year  study  of  the  integrity  of  these 
materials  both  in  the  laboratory  and  on  a  large 
scale  at  a  test-site  (reef)  in  the  ocean. 

Although  ultrasonic  methods  offer  promise  in 
providing  a  method  of  non-destrucv  ve  evaluation 
of  these  materials,  it  was  found  that  excessive 
ultrasonic  attenuation  due  to  grain  scattering  and 
bond  softening  may  be  present  and  that  adequate 
correlation  of  ultrasonic  properties  to  the 
"actual"  compressive  strengths  of  the  material 
would  have  to  be  developed  within  the  program. 

We  report  here  on  the  first  phase  of  this  pro¬ 
gram  in  which  the  materials  are  characterized  ul- 
trasonically  by  a  system  which  is  capable  of  meas¬ 
uring  th-  se  properties  at  three  levels.  Our  re¬ 
sults  show  that  the  ultrasonic  modulus  provides  a 
sensitive  indication  of  the  compressive  strength 
oi  these  materials  (within  the  statistical  limits 
of  the  fracture  process)  Furthermore,  the  modulus 
is  shown  to  be  a  sensitive  indicator  of  the  growth 
of  the  cementaceous  bond  and  hydration  process. 

MATERIAL  STRUCTURE 

Figure  1  is  an  SEM  of  the  internal  structure 
of  a  test  block  of  fly-ash  and  scrubber  sludge 
(CaS04)  mixed  4n  a  mass  ration  of  3  :  1  which  has 
undergone  consolidation  in  sea  water  for  a  period 
of  6  months.  The  sphericules  are  fly-ash  granules, 
while  the  scrubber  sludge  appears  as  an  amorphous 
intergranular  mass.  Two  other  structural  forms 


are  evident  and  appear  only  in  consolidated  materi¬ 
als.  The  small  crystals  are  believed  to  be  ettr- 
ingite3  while  the  larger  crystallites,  more  evident 
in  Fig.  2,  are  known  to  be  gypsum  (CaS04  •  2H20). 
These  micrographs  illustrate  the  complexity  of  the 
material  under  study.  We  believe  at  this  time  that 
the  increase  of  modulus  of  these  materials  is  en¬ 
tirely  attributable  to  the  growth  of  these  crystal¬ 
lites  in  the  intergranular  voids  of  the  block. 

INSTRUMENTATION 

The  apparatus  developed  for  the  detailed  eval¬ 
uation  of  ultrasonic  properties  of  these  materials 
is  shown  in  Fig.  3.  A  test  tank  is  provided  which 
mounts  a  pair  of  ultrasonic  transducers.  The  re¬ 
ceiving  transducer  is  under  tne  control  of  a  me¬ 
chanical  translation  device  which  makes  it  possible 
to  position  the  receiving  array  nrecisely  over  a 
range  of  50  cm.  The  fluid  media,  in  this  case 
water,  provides  an  effective  coupling  medium  and 
facilitates  the  rapid  interchange  of  test  samples. 
All  work  reported  here  was  carried  out  at  162  kHz 
which  was  found  to  be  the  best  compromise  between 
grain  scattering  attenuation  and  resolution. 

The  ultrasonic  system  is  under  control  of  a 
PDP  11/34  computer  which  also  provides  for  storage, 
processing,  and  display  of  the  voluminous  data. 

The  system  can  be  used  as  either  an  Interval ometer 
(time  domain)  or  dispersometer  (frequency  domain). 
The  mechanical  translation  system  makes  it  possible 
to  use  synthetic  apprture  analysis  to  obtain  addi¬ 
tional  resolution  and  discrimination  against  multi- 
path  effects.  After  amplification  and  filtering, 
the  received  ultrasonic  data  can  be  sent  directly 
to  a  dedicated  100  kHz  A/D  converter,  or  to  a  high¬ 
speed  sample-and-hold  circuit  under  control  of  a 
synchronizer.  The  second  alternative  provides  a 
method  of  digitizing  repetitive  ultrasonic  signals 
of  much  higher  bandwidths  at  the  expense  of  longer 
acquisition  time. 

Control  software  has  been  developed  so  that 
the  extensive  processing  required  can  be  carried 
out  optionally  either  in  software  or  through  use  of 
an  array  processor  (Model  MSP-3  manufactured  by 
Computer  Design  and  Applications  Inc.).  This  fea¬ 
ture  not  only  makes  it  possible  to  retain  greater 
functional  control  of  the  process,  but  provides 
software  backup  (at  slower  speeds)  in  the  event  of 
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limited  hardware  failure.  The  logical  flow  of  this 
process  is  illustrated  in  Fig.  4.  At  each  step  in 
the  movement  of  data  through  the  ultrasonic  test 
system,  a  given  process,  such  as  synthetic  aperture 
processing,  may  or  may  not  be  used  at  the  discre¬ 
tion  of  the  operator.  If  single  channel  operation 
were  desired,  as  in  low  resolution  intervalometer 
work,  the  data  would  be  passed  directly  to  time 
domain  analysis  or  storage. 

RESULTS 

The  velocity  evolution  of  two  groups  of  six 
blocks,  with  each  group  having  a  1  :  1  (E2C1)  or  a 
3  :  1  (E2C3)  fly-ash  to  sludge  concentration  is 
illustrated  in  Fig.  5.  These  blocks  were  aged  in 
laboratory  tanks  of  sea  water  held  at  room  temper¬ 
ature  for  more  than  a  year.  The  blocks  were  peri¬ 
odically  measured  for  ultrasonic  velocity,  atten¬ 
uation,  and  density.  It  will  be  noted  that  the 
initial  velocities  of  both  compositions  were  nearly 
the  same,  but  the  growth  in  velocity  for  the  1  :  1 
material  was  more  rapid  and  achieved  higher  values. 
Since  the  change  in  density  in  this  process  is 
small,  the  increase  in  velocity  is  attributable  to 
a  growth  in  the  modulus  of  the  composite  material, 
which  in  turn  is  due  to  cementation  or  crystalline 
growth  in  the  voids. 

This  observationissupported  by  a  concurrent 
study  of  the  density  of  these  materials  over  the 
same  time  period  as  illustrated  in  Fig.  6.  Our 
observations  indicate  that  increases  in  density  due 
to  the  uptake  of  water  into  the  pores  of  these  ma¬ 
terials  is  complete  in  1  -  2  hours  after  placement 
in  the  tank.  The  growth  in  density  indicated  in 
Fig.  6  is  primarily  due  to  chemical  hydration. 

Hence,  crystalline  growth  is  correlated  with  the 
evolution  of  the  ultrasonic  modulus. 

It  is  highly  desirable  to  use  these  ultrasonic 
methods  under  -ui-i-Uu  conditions  to  predict  the 
structural  integrity  of  composite  materials.  An 
evaluation  of  a  large  number  and  variety  of  blocks 
was  carried  out  in  which  the  blocks  were  aged  in 
the  laboratory  or  at  sea,  measured  for  ultrasonic 
velocity,  and  then  tested  for  compressive  strength. 
These  results,  after  calculating  the  modulus  of 
each  material  gr  .up  from  velocity  data,  are  display¬ 
ed  in  Fig.  7.  The  correlation  between  the  compres¬ 
sive  strength  and  the  modulus  of  these  materials  is 


indicated  by  these  data.  It  should  be  noted  that 
each  data  point  in  this  figure  represents  the  av¬ 
erage  of  the  compressive  strength  of  several  blocks. 
The  standard  deviation  for  compressive  strength  on 
these  materials  is  high  (25  -  50  %)  due  to  the  in- 
homogeneity  of  the  blocks  and  statistical  nature 
of  the  fracture  process'1. 

The  results  of  these  studies  provide  guide¬ 
lines  for  the  estimation  and  prediction  of  the  rom- 
pressiye  strength  of  composite  materials  of  this 
type.  Such  techniques  are  not  only  invaluable  for 
field  studies  of  these  and  similar  engineering  ma¬ 
terials  but  also  provide  a  precision  method  for  the 
controlled  study  of  the  cementation  process  which 
should  be  applicable  to  a  wide  variety  of  materials. 
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ABSTRACT 


Stresses  can  be  measured  by  X-ray  diffraction,  not  only  in  metals  but  also  in  polymeric  composites 
containing  some  crystalline  filler  particles.  Diffraction  is  found  effective  in  disclosing  the  distribu¬ 
tion  of  stresses  over  the  surface  of  adhesively  bonded  joints  in  aluminum  strips  when  loads  well  below  the 
yield  point  are  applied.  When  two  6061-T6  aluminum  strips  1/16"  or  1/32"  thick  and  3/4"  wide  are  adhesive 
ly  bonded  in  a  single  lap  joint  and  loaded  in  tension,  maps  giving  the  distribution  of  the  X-ray-measured 
stresses  show  clear  evidence  of  the  way  in  which  stresses  are  transferred  from  one  adherend  to  the  other. 
The  maps  show  the  limits  of  the  bonded  area  with  an  accuracy  about  equal  to  the  width  (1  mm)  of  the  irrad¬ 
iated  area  along  the  specimen.  Attendant  bending  stresses  resulting  from  the  loading  are  also  registered. 
Stress  values  can  be  obtained  from  the  observed  diffraction  angles  by  calibration  with  tensile  tests  of  a 
single  unbonded  strip.  Similar  results  are  obtained  for  graphite/epoxy  laminates  adhesively  bonded  to 
aluminum  when  diffraction  is  from  the  aluminum,  but  a  much  lower  accuracy  was  obtained  when  diffraction 
was  from  the  filled  composite. 


Another  X-ray  method  was  developed  that  appears  to  be  a  viable  though  less  accurate  method  for  measur¬ 
ing  applied  (nut  pre-existing  residual)  stresses,  and  for  mapping  their  distribution  around  a  joint.  A 
thin  layer  of  epoxy  paint  containing  a  diffracting  filler  is  applied  to  a  specimen  and  cured.  Diffraction 
from  this  paint  yields  shifts  in  diffraction  angle  approximately  proportional  to  the  magnitude  of  applied 
stresses.  A  diffracting  paint  containing,  say,  aluminum  or  silver  powder  can  be  used  on  an  object  that 
uiffracts  poorly  or  in  which  a  filler  has  not  previously  been  embedded,  but  the  accuracies  attainable  in 
stress  values  are  apparently  somewhat  lower  and  are  beinq  investigated  further.  When  this  method  is  used 
On  the  aluminum  adherend  cf  a  single  lap  joint  andaload  is  applied,  the  limits  of  the  bonded  area  are 
disclosed  by  the  diffracted  beam  from  the  filler  in  the  epoxy  paint.  This  method  appears,  therefore,  to 
be  useful  for  mapping  the  areas  that  are  properly  bonded  and  for  associated  bending  stresses,  and  possibly 
for  non-destructive  evaluation  of  bond  defects.  Details  will  be  published  in  Advances  in  X-Ray  Analysis, 
Vol .  24.  - 


Detection  of  damage  in  polymeric  composites  is  possible  by  X-ray  determination  of  residual  stresses. 

By  locally  deforming  a  graphite/epoxy  laminate  the  diffraction  from  embedded  filler  powder  discloses  ef¬ 
fects  of  the  deformation  not  only  where  damage  has  occurred  but  also  throughout  the  immediate  neighbor¬ 
hood  of  the  visible  damage.  Investigation  of  this  method  continues  with  details  to  be  published  elsewhere. 


INTRODUCTION 

X-ray  diffraction  is  widely  used  for  the  mea¬ 
surement  of  residual  and  applied  stresses  in  metals. 
A  series  of  experiments  has  shown  that  information 
can  also  be  obtained  about  residual  and  applied 
stresses  in  polymeric  materials,  including  polymer 
matrix  composites,'-^  provided  suitable  diffracting 
powders  are  embedded  in  them  before  they  are  cured. 
Laboratory  experiments  with  an  X-ray  diffraction 
methoo  of  determining  stresses  in  graphite  fiber 
reinforced  epoxy  composites  have  led  us  to  conclude 
that  the  method  could  be  extended  into  one  for 
evaluating  adhesive  bonded  joints.  Since  the  X-ray 
measurements  can  reveal  the  point  to  point  variation 
in  stresses  applied  to  an  object,  they  should  serve 
to  map  out  the  areas  that  are  transferring  stress 
from  one  of  the  bonded  members  to  another,  both 
with  composite  and  with  metallic  adherends.  A  map 
of  an  adhesive  joint  prepared  in  this  way  when  the 
joint  is  loaded  should  (a)  provide  evidence  of  the 
direct  transfer  of  the  applied  stress  from  one  ad¬ 
herend  to  another;  (b)  serve  as  a  nondestructive 
method  for  revealing  the  outer  limits  of  the  bonded 
area;  (c)  disclose  any  unbonded  patches  within  the 
urea  that  are  large  enough  to  significantly  alter 
the  stress  distribution;  and  (d)  also  record  any 
stress  components  at  the  surface  of  an  adherend  that 
arise  from  the  bonding  of  adherends  as  a  result  of 
the  loading.  The  method  should  thus  be  a  direct  and 


quantitative  NDE  method  for  comparison  with  prior 
discussions  of  these  details  in  bonded  joints, 
including  theoretical  predictions  of  the  stress 
distributions. 

THE  METHOD  AND  THE  SPECIMEN  DESIGN 

The  suggested  method  as  applied  to  single  lap 
joints  reported  here,  involved  measurement  of  the 
diffraction  angles  by  two  procedures:  (1)  by  fit¬ 
ting  a  parabola  to  the  diffraction  peak  in  a  stand¬ 
ard  procedure  we  had  previously  used;^  and  (2)  by 
a  more  rapid  technique  that  will  be  here  called  a 
"constant  angle"  technique.  The  latter  involves 
measurement  of  the  diffracted  beam  intensity  at  a 
fixed  angle  on  a  side  of  the  peak  as  indicated  in 
Fig.  1,  (an  angle  where  the  slope  is  high  and  the 
curve  is  nearly  a  straight  line).  Displacement  of 
the  peak  by  stress  then  is  registered  as  a  change 
in  intensity,  v/i th  the  intensity  change  being 
approximately  proportional  to  the  stress  as  is  seen 
in  calibration  runs.  A  modified  version  of  this 
technique,  (2a),  employs  measurements  at  a  pair  of 
fixed  angles  straddling  the  peak,  as  indicated  in 
Fig.  1,  and  taking  either  the  ratio  of  the  two 
intensities  or  subtracting  one  from  the  other. 

Farh  specimen  consisted  of  a  strip  cut  from 
1/16"  or  1/32"  aluminum  sheet  (6061-T6)  about  19.7 
mm  wide  and  bonded  to  a  similar  strip  or  to  a  6-ply 
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RESULTS  WITH  LAP  JOINTS 


unidirectional  graphite/epoxy  laminate  to  make  a 
tensile  specimen  of  about  1 52  mm  overall  length. 
Hysol  EA9309  epoxy  was  used  at  Uie  lap  joint  and  to 
attach  reinforcing  tabs  at  !he  ends.  A  teflon  film 
0.0254  imi  thick  was  inserted  at  one  end  of  the  over¬ 
lap  before  curing.  The  teflon  extended  across  the 
sample,  with  its  edge  perpendicular  to  the  tensile 
axis,  to  produce  a  debond  of  accurately  known  posi¬ 
tion.  Tension  was  applied  through  clevis  grip  pins 
in  holes  drilled  at  each  end  of  the  sample.  A 
small,  manually  operated  tensile  frame  held  the 
specimen  centered  on  a  Siemens  horizontal  diffrac¬ 
tometer  and  applied  the  load  used  in  this  and  the 
other  similar  expet iments  reported  here.  An  X-ray 
beam  collimated  to  C.250  divergence  irradiated  a 
spot  1  mm  wide  on  the  specimen  (or  in  a  few  experi¬ 
ments  a  beam  of  twice  this  divergence  and  width  was 
used).  The  irradiated  spot  covered  the  entire  width 
of  the  specimen  which  was  107  mms  from  the  slit  and 
positioned  on  the  diffractometer  axis.  High  angle 
diffracted  rays  were  passed  through  a  slit  0.610  m 
wide  at  175  mm  from  the  specimen  and  into  a  graphite 
crystal  monochromator  and  a  scintillation  counter. 
The  incident  CuKai  radiation  diffracted  from  the 
(333)  and  (511)  planes  in  the  aluminum  adherends 
produced  the  peak  recorded  in  Fig.  1.  The  one  or 
two  constant  angles  chosen  were  located  about  0.40° 
from  the  maximum  on  the  peak. 


Fig.  2  is  a  plot  of  results  with  the  constant 
angle  technique  (2):  counts  per  second  (CPS)  with 
a  load  of  10  lbs  minus  CPS  for  a  load  of  400  lbs 
applied  to  1/16"  (1.588  mm)  thick  strips  of  aluminum 
(6061-T6)  and  plotted  vs.  the  X-rayed  position  on 
the  specimen.  The  adhesively  bonded  single  lap 
joint  had  a  teflon  debond  built  in.  The  10  lb  load 
was  used  to  assure  firm  seating  of  the  specimen  in 
the  grips  and  firm  centering  of  the  specimen  on  the 
diffractometer.  The  plotted  intensities  thus  repre¬ 
sent  the  effect  of  an  increase  in  load  of  390  lbs, 
which  amounts  to  a  change  in  stress  In  each  single 
strip  of  7.6  ksi  (52,4  MPa).  Increasing  stress  at 
the  surface  of  the  aluminum  causes  a  decrease  in 
the  10  lb  minus  400  lb  CPS,  corresponding  to  an  in¬ 
crease  in  the  diffraction  angle  and  a  decrease  in 
interplanar  spacing  of  atomic  planes  parallel  to  the 
surface  since  these  planes  were  the  ones  reflecting. 
The  incident  beam  was  collimated  to  0.25°  and  was 
1  mm  wide  at  the  specimen. 

The  surface  stress  in  the  upper  adherend  of 
Fig.  2  decreases  as  the  bond  is  approached,  because 
of  the  elastic  bending  which  tends  to  throw  the 
X-rayed  surface  into  compression.  This  bending 
stress  reaches  an  abrupt  maximum  at  the  edge  of  the 
bond  as  expected4  and  the  CPS  reaches  a  very  sharp 
minimum  here,  showing  that  this  X-ray  method  can 
locate  the  edge  of  the  bond  with  an  accuracy  about 
equal  to  the  width  of  the  X-ray  beam.  Bending 
stresses  also  extend  throughout  the  bonded  area  as 
can  be  seen  in  a  rubber  model  such  as  the  one  repro¬ 
duced  in  Fig.  3,  and  are  superimposed  on  the  stresses 
that  would  be  transferred  from  one  adherend  to  the 
other  if  bending  was  absent. 

Figure  4  records  a  similar  experiment  on  thin¬ 
ner  aluminum  strips,  with  data  from  each  of  the 
adherends.  The  results  of  Fig.  1  and  the  conclu¬ 
sions  regarding  the  stress  components  arising  from 
bending  were  confirmed.  Again  the  limits  of  the 
bonded  area  are  well  marked.  In  this  experiment 
merely  the  400  lb  count  rate  was  measured  at  con¬ 
stant  angle.  The  beam  width  was  1  mm.  Irregulari¬ 
ties  in  the  curve  within  the  bonded  area  are  seen 
which  may  indicate  bond  defects,  but  no  other  NDE 
method  is  yet  available  to  us  to  check  this  possi¬ 
bility.  The  400  lb  load  corresponded  to  double 
the  stress  in  each  adherend  that  was  used  for  Fig. 

2. 

The  main  features  shown  in  Figs.  2  and  4  were 
also  obtained  in  experiments  with  the  sample  of 
Fig.  2  in  which  the  diffraction  peak  shifts  were 
determined  by  technique  (1),  5  point  parabola  fit¬ 
ting.  This  technique  is  more  laborious  than  the 
constant  angle  technique  and  fewer  data  points 
were  obtained,  so  that  evidence  regarding  irregulari¬ 
ties  in  the  bond  was  inconclusive.  However,  the 
minima  in  count  rate  at  bond  limits  were  clearly 
present. 

Fig.  S  records  results  with  a  1/16"  thick 
aluminum  adherend  joined  to  a  6-ply  unidirectional 
graphite/epoxy  laminate  adherend  in  which  aluminum 
powder  was  embedded  between  the  first  and  second 
plies  nearest  the  X-rayed  surface.  Technique  (2a) 
was  used,  with  CPS  at  10  lbs  minus  CPS  at  400  lbs 
load,  and  with  a  1  mm  wide  beam.  The  curve  of 
beam  intensity  (counts  in  40  seconds)  for  the 
aluminum  adherend  aaain  shows  the  minima  at  bond 
limits  and  some  unidentified  irregularities 
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Fig.  5.  Diffracted  intensities  for  a  1/16"  aluminum  strip 
joined  to  a  6-ply  unidirectional  graphite/epoxy  composite. 
Constant  angle  method. 


within  the  bond.  But  the  data  from  the  aluminum- 
filled  graphite/epoxy  are  very  irregular.  Only  the 
minima  opposite  the  end  of  the  aluminum  strip  and 
the  end  of  the  bond  to  the  composite  are  prominent. 

Fig.  6  shows  results  from  constant  angle  tech¬ 
nique  (2)  on  1/32"  strip  bonded  to  the  6-ply  graph¬ 
ite/epoxy  laminate  and  loaded  to  400  lbs.  The  sur¬ 
face  stress  distribution  in  the  aluminum  adherend 
implied  by  the  uppe-  plot  is  drawn  as  a  solid  line 
in  the  lower  plot  and  is  compared  with  a  schematic 
dot-dash  curve  representing  the  stress  that  would 
be  expected  in  the  absence  of  any  bending,  if 
averaged  throughout  the  thickness  of  the  adherend. 

The  displacement  of  the  solid  line  to  lower  tensile 
stress  than  the  dot-dash  line  corresponds  to  the 
stress  component  from  bending,  which  is  longitudi¬ 
nal  compressive.  The  solid  line  lies  above  the  dot- 
dash  line  where  bending  contributes  a  longitudinal 
tensile  component.  The  rubber  model  of  Fig.  3 
i’lustrates  these  bends  in  a  matched  joint;  Fig.  6, 
however,  is  an  unmatched  joint  with  the  modulus  of 
the  composite  much  greater  than  that  of  the  alumi¬ 
num.  The  horizontal  portion  of  the  dot-dash  lines 
in  Fig.  6  represent  the  CPS  obtained  from  a  single 
aluminum  strip,  unbonded,  subjected  to  the  same  load, 
without  bending  stresses. 


The  following  paragraphs  review  briefly  some 
of  our  research  currently  underway  that  is  related 
to  the  subjects  presented  here. 

STRESS  MEASUREMENT  WITH  DIFFRACTING  PAINT 

Another  X-ray  method  is  being  developed  that 
appears  to  be  viable  for  measuring  applied  (not 
pre-existing  residual)  stresses,  and  for  mapping 
their  distribution  around  a  joint.  A  thin  layer  of 
epoxy  paint  containing  a  silver  filler  was  applied 
to  an  aluminum  specimen  and  cured.  Diffraction  from 
this  paint  yielded  shifts  in  diffraction  angle 
approximately  proportional  to  the  magnitude  of 
applied  stresses.  A  diffracting  paint  containing 
a  diffracting  filler,  such  as  aluminum  or  silver 
powder,  can  be  used  on  an  object  that  diffracts 
poorly  or  in  which  a  tiller  has  not  previously  been 
embedded.  The  accuracies  attainable  in  stress  values 
in  this  way  are  apparently  somewhat  lower  and  are 
being  investigated  further.  When  a  diffracting 
paint  was  applied  to  the  aluminum  adherend  of  a 
single  lap  joint  and  a  load  was  applied,  the  limits 
of  the  bonded  area  were  disclosed  by  the  shifts  in 
the  diffraction  angle.  The  onset  of  del  at,  i  nation  as 
loads  were  increased  was  observed  in  a  tensile 
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Fig.  6.  Adhesive  joint  between  1/32"  aluminum  and 
6-ply  graphite/eooxy  unidirectional  composite. 

Upper  plot:  aluminum  diffraction  in  counts  per 
sec  by  constant  angle  method.  Lower-  plot:  surface 
stresses  from  the  diffraction  data  compared  with 
average  stress  throughout  adherend  cross  section  in 
the  absence  of  bending  (dot-dash  line,  schematic) 

exoeriment  on  a  single  composite  sample.  This 
method  appears,  therefore,  to  be  useful  for  mapping 
the  areas  that  are  properly  bonded  and  associated 
bending  stresses  and  possibly  for  non-destructive 
evaluation  of  bond  defects  and  of  delamination. 
Further  discussion  of  the  method  is  scheduled  for 
presentation  at  the  1980  Denver  X-ray  Conference 
and  inclusion  in  its  proceedings  (Advances  in  X-Ray 
Analysis,  vol .  24). 

DETECTION  OF  DAMAGE  IN  POLYMERIC  COMPOSITES 

Our  earlier  work  had  suggested  that  if  the 
filler  yield  point  in  a  polymer  composite  was  suf¬ 
ficiently  low,  areas  of  the  composite  where  applied 
loads  had  exceeded  the  filler  yield  should  be 
detectable  from  X-ray  measurements  of  the  residual 
stresses  in  the  filler.  A  rapid  test  of  this  pos¬ 
sibility  was  made  by  locally  deforming  a  6-ply  uni¬ 
directional  graphite/epoxy  sample  in  3  point  bend¬ 
ing  in  a  jig  sketched  in  Fig.  7.  The  sample  con¬ 
tained  Ag  filler  between  the  first  and  second  ply 
on  the  X-rayed  side  of  the  bend.  The  deflection 
was  increased  until  the  first  crack  was  heard.  The 
sample  was  immediately  removed,  and  was  X-rayed  on 
the  compression  side  24  hrs  later  and  again  48  hrs 
later.  There  was  no  visual  evidence  .if  damage  or 


Fig.  7.  Diffracted  intensities  vs.  position  on  6- 
ply  graphite/epoxy  composite  after  3-point  bending 
to  initial  fracture  in  jig  sketched  at  the  top. 
Constant  angles  method.  Embedded  silver  powder. 
X-ray  beam  2  mm  wide. 


residual  bend  anywhere  on  the  compression  side,  but 
on  the  tension  side  there  was  a  1.5  cm  longitudinal 
split  and  a  short  (2  mm)  transverse  crack  and  de¬ 
lamination.  The  delamination  was  shallow  and  not 
in  the  plane  of  the  filler  particles.  The  effects 
on  the  diffraction  angle  caused  by  the  deforming 
were  large  and  clearly  showed  the  region  where 
bending  had  taken  place,  with  a  maximum  at  the 
position  of  the  sharpest  bend  and  with  effects  ex¬ 
tending  well  beyond  the  crack  on  the  compression 
side,  as  shown  in  Fig.  7.  A  decrease  in  CPS  in 
Fig.  7  corresponds  to  an  increase  in  longitudinal 
residual  tension  in  the  filler. 

Since  these  results  show  that  this  method  has 
potential  for  revealing  something  of  the  stress 
history  of  composites  and  for  detecting  damage,  it 
is  being  studied  further  and  will  be  discussed  in 
greater  detail  elsewhere. 
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ABSTRACT 

Hie  early  validation  of  a  20  year  service  Integrity  for  the  bonded  Interfaces  In  low  cost  solar 
arrays  Is  an  Important  requirement  In  the  Low  Cost  Solar  Array  (LSA)  project. 

An  atmospheric  corrosion  model  has  been  developed  and  verified  by  five  months  of  corrosion  rate  and 
climatology  data  acquired  at  Mead,  Nebraska  LSA  test  site.  Atmospheric  corrosion  monitors  (ACMs) 
Installed  at  the  Mead  test  site  showed  that  protection  of  the  corroding  surface  by  the  encapsulant  Is 
achieved  Independent  of  climatology  variations. 

A  newly  designed  Mead  climatology  simulator  has  been  developed  In  laboratory  corrosion  studies  to 
clarify  corrosion  mechanisms  displayed  by  two  types  of  LSA  modules  at  the  Mead  test  site.  Controlled 
experiments  with  Identical  moisture  and  temperature  aging  cycles  showed  that  UV  radiation  causes 
corrosion  while  UV  shielding  Inhibits  LSA  corrosion. 

The  Implementation  of  AC  Impedance  as  a  NOE  monitor  of  environmental  aging  In  solar  cell  arrays  has 
also  been  demonstrated. 

MEADCLIMATOLOGY  AND  CORROSION  MONITORS  MEAD  CLIMATOLOGY  SIMULATOR 


Two  atmospheric  corrosion  monitors  (ACM)  were 
Installed  at  the  Mead,  Nebraska  site.  One  corro¬ 
sion  sensor  Is  bare  so  as  to  represent  a  corrosion 
response  in  the  absence  of  encapsulated  protec¬ 
tion.  The  second  corrosion  cell  Is  covered  with  2 
mn  SYLGARD  184  encapsulant  over  a  reactive  primer 
GE-SS4155.  The  output  of  the  corrosion  monitors 
Is  connected  Into  the  data  acquisition  system  at 
Mead.  Inspection  of  Fig.  1  shows  that  the  unpro¬ 
tected  ACM  corrosion  current  rises  and  falls  as  a 
direct  function  of  both  relative  humidity  (RH)  or 
moisture  supersaturation  temperature  (Tq-T)  during 
high  moisture  conditions.  Conversely,  precipita¬ 
tion  produces  no  special  corrosion  response  not 
already  related  to  atmospheric  moisture  saturation 
1  evel . 


The  curves  of  corrosion  current  (logio  I) 
versus  supersaturation  temperature.  (Tq-T)  shown 
In  Fig.  2  clearly  Indicate  the  reversible  transi¬ 
tion  In  corrosion  rate  with  level  of  moisture 
supersaturation  for  two  cycles  of  condensation  and 
subsequent  surface  drying. 


A  corrosion  model  has  thus  been  developed,  as 
shown  In  Fig.  3.  The  model  relates  the  condensa¬ 
tion  probability,  P-,  to  the  magnitude  of  the  dif¬ 
fusion  controlled  corrosion  current,  I.  As  shown 
In  Fig.  2,  with  Increasing  supersaturation  temper¬ 
atures  (Tq-T),  the  Corrosion  current  displays  an 
upper  limiting  current  I  “15  wA.  Referring  to 
Fig.  3,  this  upper  limiting  current  refers  to  the 
condition  where  condensation  probability  P_  *  1.0 
and  the  current  equals  The  limiting  diffusion  cur¬ 
rent  I  *  IL. 


The  laboratory  apparatus  constructed  to 
achieve  Mead  corrosion  simulation  Is  shown  In  Fig. 
4(A).  This  table  mounted  apparatus  consists  of 
two  Haake  Type  K41  thermal  regulators  (-20*C  to 
100°C)  with  liquid  circulation.  The  rear  Haake 
unit  circulates  thermostatted  liquid  to  the  rear 
copper  surface  of  the  corrosion  cell,  as  shown  In 
Fig.  4(B).  The  liquid  temperature  of  this  rear 
Haake  unit  and  the  corrosion  cell  face  Is  prog¬ 
rammed  to  follow  the  3  hour  cycles  of  alternate  Tj 
=  344K  and  T2  *  268k  as  shown  in  Fig.  5  by  the  cam 
driver.  West  controller  affixed  to  the  lower  front 
table  surface.  The  front  Hiake  unit  Is  set  at 
constant  elevated  temperature  Tj  >  307K  for  con¬ 
ditioning  the  alternating  moist  (100%  RH)  and  dry 
(*  0.016  RH)  air  streams  which  pass  through  ti 
corrosion  cells.  A  time  selector  valve  set  ft 
six  hour  Intervals  switches  the  air  stream  fr  i 
moist  to  dry  air  every  six  hours. 

Figure  4(B)  shows  a  close-up  view  of  the 
corrosion  cell.  In  this  view  two  Solarex  cells 
are  thermally  attached  to  the  copper  back  plate  of 
the  corrosion  cell  using  thermally  conductive 
thermocote  joint  compound.  The  upper  Solarex  test 
cell  is  covered  by  opaque  aluminum  foil  to  prevent 
direct  irradiation  by  a  median  pressure  mercury 
arc  lamp. 

The  different  aging  effects  produced  by  one 
month  of  continuous  exposure  In  the  Mead  corrosion 
simulator  are  shown  In  Fig.  6.  Figure  6(A)  shows 
four  encapsulated  Solarex  solar  cells.  The  upper 
two  Solarex  cells  were  aged  In  the  Mead  simulator 
for  one  month  with  the  right  cell  exposed  to  UV 
and  the  left  cell  shielded  from  UV.  The  lower  two 
Solarex  cells  were  cut  from  a  panel  aged  at  Mead 
for  approximately  two  years.  Inspection  of  Fig. 
6(A)  shows  that  the  upper  right  Solarex  cell  which 
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was  exposed  to  UV  Irradiation  In  the  Mead  simu¬ 
lator,  shows  the  characteristic  staining  of  the 
metal  11  red  collector  as  shown  by  the  lower  two 
Solarex  cells  with  two  years  Mead  site  exposure. 
The  UV  protected  Solarex  (upper  left)  retains  the 
metallic  luster  on  all  metallized  areas  Indicative 
of  corrosion  Inhibition  by  UV  protection. 

Figure  6(R)  shows  four  Sensor  Tech  solar  cells 
aged  In  the  Mead  simulator  for  one  month.  The  two 
left  Sensor  Tech  cells  were  shielded  from  UV  ex¬ 
posure  while  the  two  right  cells  were  exposed  to 
UV.  A  point  source  of  light  focused  on  the  solar 
cells  from  near  the  camera  lens  shows  the  higher 
level  of  light  reflection  and  loss  of  efficiency 
of  the  anti-reflection  coating  In  the  UV  exposed 
right  Sensor  Tech  cells.  This  loss  of  anti- 
reflection  efficiency  and  bleaching  of  anti- 
reflection  coating  of  the  Sensor  Tech  cells  Is  a 
prominent  aging  characteristic  shown  for  Sensor 
Tech  modules  aged  naturally  at  the  Mead  test  site. 

The  solar  cells  shown  In  rig.  6  were  con¬ 
tinuously  monitored  while  In  the  Mead  simulator 
for  photovoltaic  responses  as  well  as  front  and 
back  face  temperatures.  These  data  were  recorded 
on  the  multichannel  printing  recorder  shown  In  the 
center  of  Fig.  4(A).  Three  typical  temperature 
traces  recorded  by  the  simulator  over  a  six  hour 
control  cycle  are  shown  In  Fig.  7.  The  upper  and 
lower  curves  of  Fig.  7  show  the  recorded  analog 
signals  of  short  circuit  current  for  the  respec¬ 
tive  UV  exposed  (upper)  and  UV  shielded  (lower) 
Sensor  Tech  solar  cells.  The  three  temperature 
curves  of  Fig.  7  show  good  heat  transfer  at  the 
solar  cell  back  surface  and  maximum  thermal  gra¬ 
dient  through  the  cell  thickness  to  10-12*0  at  the 
simulation  temperature  extremes. 

AC  impedance  tests  were  conducted  at  various 
points  In  the  one  month  Meed  exposure  experiments. 
The  data  summary  of  Table  1  shows  the  effects  of 
one  month  Mead  simulation  on  AC  Impedance  pro¬ 
perties.  The  UV  shielded  Solarex  test  cell  Is 
unchanged  In  the  AC  Impedance  properties  while  UV 
exposure  results  In  a  measured  Increased  In  shunt 
resistance.  The  capacitance  of  both  UV  Increased 
by  Mead  simulation  aging  while  shunt  resistance 
values  are  only  lightly  diminished  as  In  Tower 
Table  1.  Sensor  Tech  solar  cells  are  shewn  In 
Table  1  to  display  much  higher  shunt  resistance 
values  than  the  Solarex  solar  cells. 

CORROSION  MECHANISMS  AND  MATERIAL  RECOMMENDATION 

Auger  electron  spectroscopy  (AES)  has  been 
used  to  determine  the  composition  of  the  Inter- 
facial  region  between  the  encapnulant  and  the 
solar  cell.  To  perform  the  AES  analysis,  the 
encapsulant  was  removed  from  the  support  mater¬ 
ials,  as  shown  In  Fig.  8. 

Auger  analysis  was  performed  both  on  the  sur¬ 
face  as  removed  and  also  after  sputtering  to 
various  depths  by  argon  ion  bombardment.  An  ex¬ 
ample  of  the  type  of  spectra  obtained  Is  shown  in 
Fig.  9  and  10.  Figure  9  Is  a  spectrtm  taken  from 
the  silicon  surface  of  a  virgin  Sensor  Tech  cell. 
The  S10x  anti-reflection  coating  Is  observed  as 
well  as  P,  C,  Sn  and  Na.  Figure  10  is  the  spec- 
trim  taken  after  60  A  has  been  removed  by  sputter¬ 
ing.  Only  SI 0X  Is  observed  Indicating  that  the 
contaminating  species  are  only  several  monolayers 
thick. 


No  environmental  contaminants  were  detected  on 
the  silicon  surface  of  the  Solarex  cells  which 
were  aged  at  Mead.  Carbon  was  observed  throughout 
the  Ta205,  resulting  from  the  deposition  process. 
However,  the  metall iration  of  these  cells  had  a 
layered  structure.  The  upper  layer,  approximately 
50  A  in  thickness,  was  a  mixture  of  silver 
chloride  and  silver  sulfide.  Beneath  this  salt 
layer  there  was  a  300  A  layer  rich  in  silver  but 
also  containing  moderate  amounts  of  sulfur  and 
chloride.  The  silver-rich  layer  as  well  as  the 
Ta20g  coating  contained  large  amounts  of  Iron. 
These  layers  were  on  top  of  the  Ta205  anti- 
reflectlon  coating.  Figure  II  shows  the  Auger 
spectrin  from  the  surface  of  the  salt  layer;  Fig 
12  Is  the  spectnm  after  300  A  have  been  removed 
1y  sputtering. 

SUMMARY 

1.  An  atmospheric  corrosion  model  has  been 
developed.  The  model  predicts  the  corro¬ 
sion  rate  as  controlled  by  surface  con¬ 
densation  and  diffusion  limited  currents. 

2.  A  Mead  site  Climatology  simulator  has 
been  developed  to  reproduce  Mead  clima¬ 
tology  at  3  hour  cycles  with  In  situ  AC 
Impedance  and  I-V  monitoring  of  single 
cells. 

3.  Two  Independent,  materials  related  cor¬ 
rosion  mechanisms  have  been  Identified 
for  Sensor  Technology  and  Solarex  cells. 
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(1)  CONDENSATION  PROBABILITY  (Pc) : 


WHERE 


pc  =  p*  •*)>[ 


-1 ,756  •  107-2»<f>»i'2‘>|; 
T3  (lnP/P0)2 


■  WETTABILITY  PARAMETER 

•  WATER  MOLAR  VOLUME 

•  LIQUID  VAPOR  SURFACE  TENSION 
> KELVIN  TEMPERATURE 

>  LIQUID  VAPOR  PRESSURE 
=  SATURATED  LIQUID  VAPOR  PRESSURE 

■  RATE  OF  CONDENSATION  (DROPS/M3S) 

■  MAXIM'  'M  RATE  OF  CONDENSATION 


(2)  DIFFUSION  CONTROLLED  CORROSION: 


Fig.  3  Corrosion  model 


■  CURRENT  DENSITY  (AMPERES/M2) 

=  LIMITING  CURRENT  DENSITY 

>  NUMBER  OF  ELECTRONS 

■  FARADAY  (96500  COULOMBS/EQUIVALENT) 

>  DIFFUSION  COEFFICIENT  OF  REDUCING  ION 
■CONCENTRATION  OF  DIFFUSING  IONS  (MOLES/M2) 

■  DIFFUSION  LAYER  THICKNESS  (  =■  6  x  104M  IN  STATIC 
SOLUTION) 

■  TRANSFER  NUMBER  OF  ALL  IONS  IN  SOLUTION 
(  ^  1.0  IF  MANY  OTHER  IONS  PRESENT) 
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Fig.  4(A)  Photoview  of  Mead  corrosion  simulator. 


Fig.  4(B)  Close  view  of  corrosion  cell 
with  UV  protected  (upper 
foil  covered)  and  UV  exposed 
Solarex  cells. 


VARIARU 


1  4  7  10  13  18  II  22  1 

Mouns 


Fig.  6(A)  Solarex  solar  cells  subjected  Fig.  6(B)  Sensor  Tech  cells  subjected 

to  lab  simulation  aging  (top  to  lab  simulation  aging  with  UV 

two  with  left  UV  protecter  and  protection  (left  two)  and  UV 

right  UV  exposed)  and  Mead  aged  exposed  (right  two). 

(lower  2  cell s) . 


Fig.  7  ftonltorlng  of  Sensor  Tech  2-cell  series  response  in  Mead  corrosion  simulator 
for  a  typical  7.5  hr  cycle. 
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SILICONE 

RUBBER 


Fig.  8  Removal  of  silicone  rubber  for  AES. 


Fig.  9  Auger  spectrum  of  silicon  surface  of  unaged 
Sensor  Tech  module  No.  5064. 


Fig.  10.  Auger  spectrum  of  sputtered  (60A) 
silicon  surface  of  unaged  Sensor 
Tech  module  No.  5064. 
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Fig.  11  Auqer  spectrun  of  metallization  surface  of 
Me<.d  aged  Solarex  module  No.  0217155. 


Fig.  12  Auger  spectrum  of  sputtered  (300A) 
metallization  of  surface  of  Mead 
aged  Solarex  module  No.  0217155. 


Table  I 


Mead  Simulator  Aging  Effects  on  AC  Impedance  Response 
(Tested  In  Ambient  Lab  Illumination) 


Specimen 

Rsh 

(ohm) 

Rs 

(ohm) 

c 

(uF) 

Solarex  UV  shielded  (single  cell) 

unaged 

25.5 

1.0 

1.48 

one  month  Mead  simulator 

25.8 

1.0 

1.47 

Solarex  UV  exposed  (single  cell) 

unaged 

40.8 

1.0 

1.53 

one  month  Mead  simulator 

47.2 

1.0 

1.50 

Sensor  Tech  UV  shielded 

(2  cells  In  series) 

unaged 

368 

* 

0.21 

one  month  Mead  simulator 

365 

* 

0.30 

Sensor  Tech  UV  exposed  (2  cells  in  ser 

1  JS) 

unaged 

540 

* 

0.21 

one  month  Mead  simulator 

522 

★ 

0.27 

♦Small  value,  below  detection  capability 


FRACTURE  MECHANICS  OF  TWO  DIMENSIONAL  NONCIRCULAR  FLAWS 
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ABSTRACT 


The  growth  of  two  dimensional  noncircular  flaws  was  studied  by  three  Independent  methods:  transfer 
function  analysis,  equivalent  area  approximation,  and  direct  fracture  mechanics  calculation.  All  three 
methods  yield  results  varying  within  a  few  percent  of  one  another  for  the  simpler  elliptical  and  rectang¬ 
ular  geometries.  Results  of  transfer  function  and  equivalent  area  methods  agree  also  within  a  few  per¬ 
cent  of  each  other  for  the  more  Irregularly  shaped  flaws.  The  Importance  of  these  studies  to  NDE 
predictive  technology  Is  discussed. 


INTRODUCTION 


We  proposed  In  previous  comm unications  [1,2] 
empirical  transfer  functions  which  convert  a  two 
dimensional  Irregularly  shaped  flaw  In  an  Isotro¬ 
pic  elastic  medium  to  a  circular  flaw  of  equiva¬ 
lent  propagation  lifetime.  Our  further  studies 
suggest  that  the  Irregularly  shaped  two  dimension¬ 
al  flaws  can  also  be  approximated  by  circular 
flaws  of  equivalent  area.  If  the  stress  Intensity 
factors  at  each  Infinitesimal  segment  of  an  Irreg¬ 
ularly  shaped  two  dimensional  flaw  are  known,  di¬ 
rect  fracture  mechanics  calculation  of  the  equiva¬ 
lent  circular  flaw  radius  similar  to  that  applied 
to  an  elliptical  flaw  [1,2]  should  be  straightfor¬ 
ward.  The  principle  objectives  of  this  Investiga¬ 
tion  are  to  compare  the  results  of  equivalent  cir¬ 
cular  flaw  calculations  by  the  three  methods: 
transfer  function  analysis,  equivalent  area  ap¬ 
proximation,  and  direct  fracture  mechanics 
calculation. 

REVIEW  OF  TRANSFER  FUNCTION  METHODOLOGY  [1,2] 


For  an  elliptical  flaw  with  major  axis  a  and 
minor  axis  b  contained  In  an  Infinite  Isctroplc 
elastic  body,  analytic  expressions  for  the  Mode  I 
stress  Intensity  ranges  (uniaxial  stress  applied 
perpendicular  to  the  flaw  plane]  are  available 
15],  l.e.. 


as/inr 

TTFr  Y  a 

a) 

AS  /53s 

'  ~mrr 

(2) 

where  aS  Is  the  applied  stress  range  and  E(k)  Is 
the  complete  elliptical  1  ntegral  of  the  second 
kind,  k  telng  given  by  /1-bVa*.  The  Mode  1 
stress  Intensity  range  for  a  circular  flaw  of 
radius  r  Is, 


akjr  -  |  aS  /Hr  (3) 


The  growth  rates  at  the  extremities  of  the  major 
and  minor  axes  of  an  embedded  elliptical  flaw, 
da/dm  and  db/dm,  proportional  to  some  power  of  the 
stress  Intensity  ranges,  are,  correspondingly, 
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where  A  and  a  are  environmental  dependent  material 
constants  and  m  Is  the  fatigue  cycles.  In  frac¬ 
ture  mechanics  of  engineering  materials,  a,  the 
Paris  exponent,  may  vary  between  2  to  4.  The 
actual  value  of  a  will  not  affect  the  transfer 
function  methodology  approach  outlined  below. 

The  growth  of  a  and  b  are  calculated  Incre¬ 
mentally  with  Eqs.  (4)  and  (5),  until  b*  (final 
dimension  of  b  after  f  Increments)  Is  within  a 
fraction  of  one  percent  of  af  (final  dimension  of 
a  after  f  Increments).  The  elliptical  flaw  has 
now  grown  Into  a  circular  one  of  radius  af.  Know¬ 
ing  af  and  f,  the  equivalent  Initial  circular 
radius  r  Is  obtained  Incrementally  In  the  same 
time  domain  according  to  Eq.  (6),  starting  with  rf 
*  if  s  bf.  This  method  Is  almost  exact  and  be¬ 
comes  Increasingly  more  accurate  with  finer 
fatigue  Increments.  Results  for  r/b  versus  vari¬ 
ous  a/b  ratios  (varying  between  1  and  11)  after 
100  Increments  are  shown  In  Fig.  1  (full  curve). 
After  100  Increments,  bf  Is  within  0.1  percent  of 
af  for  all  the  a/b  ratios  studied. 

The  relationship  between  r/b  (equivalent 
circular  flaw  of  radius  r  divided  by  the  minor 
axis  of  elliptical  flaw)  and  shape  of  the 
elliptical  flaw  Is  expressed  empirically  by, 


£«  n  Vfiw  ds 


(7) 


where  f}(R)  Is  some  arbitrarily  chosen  mathemati¬ 
cal  function  of  the  radial  distance  R  from  the 
centroid  of  the  flaw  to  the  Infinitesimal  circum¬ 
ferential  segment  dS  and  gf  Is  the  coefficient  of 
the  function  f^.  Equation  (7)  can  be  approximated 
by  the  following  summation. 


1- 

*  l  l  g,f,  4$  (8) 
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Fig.  1  Transposition  plots  converting  nonclrcu'iar 
flaws  Into  equivalent  circular  flaws  (full 
curve,  elliptical  flaws  of  major  axis  a 
and  minor  axis  b;  dotted  curve,  rectangu¬ 
lar  flaws  of  sides  2a,  2b). 


where  I  means  summation  over  the  circumference  of 
the  flaw  and  n  Is  an  Integer. 

The  transfer  function  given  by  Eq.  (8)  for 
elliptical  to  circular  flaw  conversion  was  applied 
to  nonelllptlcal  flaws.  Tire  coefficients  g^  were 
solved  by  a  method  similar  to  Fourier  Inversion 
from  the  fracture  mechanics  data  for  elliptical  to 
circular  flaw  conversion  (solid  curve  of  Fig.  1). 
Equation  (8)  with  these  known  coefficients  was 
used  to  estimate  the  equivalent  circular  flaw 
radius  of  rectangular,  symmetric  dumbbell  and 
asynmetrlc  dumbbell  flaws.  The  results  are  sum¬ 
marized  In  Fig.  1  (rectangular,  dotted  curve). 

Fig.  2  (symmetric  dumbbell)  and  Fig.  3  (asynmetrlc 
dumbbell),  respectively,  which  are  self- 
explanatory. 

THE  EQUIVALENT  AREA  APPROXIMATION 

The  results  of  transfer  function  analysis 
suggest  that  the  two  dimensional  Irregularly 
shaped  flaws  can  also  be  approximated  by  circular 
flaws  of  equivalent  area.  The  equivalent  area 
method  Is  of  sufficient  Importance  to  HOE  predic¬ 
tive  technology  worthy  of  more  thorough  Investi¬ 
gation.  He  hope  to  do  so  In  the  near  future.  For 
ellipses  of  major  axis  a  and  minor  axis  b,  the 
circular  flaw  radius  (having  equivalent  propaga¬ 
tion  lifetime)  according  to  the  equivalent  area 
approximation  Is  simply  /aF,  He  carried  out  di¬ 
rect  fracture  mechanics  calculations  of  the  nor¬ 
malized  equivalent  circular  radius  r/b  according 
to  Eqs.  (1)  to  (6)  for  various  aspect  ratios  of 
the  ellipse  (a/b  varying  from  1  to  11)  and  various 
Paris  exponents  (a«  2.5,  3.0,  3.5  and  4.0). 

Curves  similar  to  the  solid  curve  of  Fig.  1  were 
obtained  but  are  not  reproduced  here.  These  frac- 


flaws  of  various  dimensions. 


Fig.  3  Same  as  Fig.  1,  asymmetric  dumbbell 
flaws  of  various  dimensions. 


ture  mechanics  calculations  are  compared  with 
those  according  to  the  equivalent  area  approxima¬ 
tion.  The  differences  In  the  equivalent  circular 
flaw  radius  according  to  the  equivalent  area  ap¬ 
proximation  and  that  from  direct  fracture  mechan¬ 
ics  calculation,  summarized  In  Fig.  4,  are  within 
10  percent  of  each  other  for  all  the  aspect  ratios 
(a/b  «1  to  11)  and  Paris  exponents  (o»  2.5  to 
4.0)  Investigated. 

NONCIRCULAR  FLAHS  OTHER  THAN  ELLIPSES 

In  a  preceding  section  we  used  the  transfer 
function  method  to  estimate  the  equivalent  circu¬ 
lar  flaw  radius  for  noncircular  flaws  other  than 
ellipses.  How  accurate  are  these  estimates?  To 
answer  the  question,  direct  fracture  mechanics 
calculations  for  these  nonelllptlcal  flaws  are 
necessary.  He  chose  the  square  flaw  In  the  pre¬ 
sent  study  for  simplicity.  The  Investigation  was 
carried  out  In  the  following  way:  first  we 
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Fig.  4  Comparison  of  equivalent  circular  flaw 
radius  results  according  to  the  equiva¬ 
lent  area  approximation  and  direct  frac¬ 
ture  mechanics  calculations  for  ellipses 
with  various  a/b  ratios  (1  to  11)  and 
various  Paris  exponents  (2.5  to  4.0). 


calculate  the  Mode  I  stress  Intensity  factors  at 
the  various  locations  of  a  square  flaw  by  means  of 
finite  element  methods.  The  square  flaw  Is 
allowed  to  grow  according  to  the  local  stress 
Intensity  factors  via  the  Paris  crack  growth  equa¬ 
tion  with  a  =  3.5.  A  new  flaw  geometry  Is  gener¬ 
ated.  Mode  1  stress  Intensity  factors  for  the 
flaw  geometry  after  the  first  Iteration  are  recal¬ 
culated  and  a  new  flaw  geometry  Is  generated  In 
the  second  Iteration.  These  steps  are  repeated 
until  the  final  flaw  becomes  almost  circular.  The 
circular  flaw  Is  allowed  to  shrink  according  to 
the  Paris  equation  within  the  same  time  domain 
Into  a  smaller  circular  one  whose  radius  Is  the 
equivalent  circular  flaw  radius. 

FINITE  ELEMENT  METHODS  USED  TO  OBTAIN  STRESS 

— INTENSITY" FACTORS  0F"N0NCTRCULH'  FLAWS — 


Three  methods  have  been  tried.  Initially,  an 
axial -symmetric  finite  element  method  was  used  to 
estimate  the  ratio  of  stress  intensity  factors  of 
square  and  circular  flaws.  The  full  three  dimen¬ 


sional  stress  analysis  employing  quadratic  Iso¬ 
parametric  hexahedron  elements  was  then  used  to 
calculate  the  stress  Intensity  factors  of  noncir¬ 
cular  flaws  by  means  of  crack  opening  displacement 
extrapolation  along  the  flaw  front.  Both  methods 
yield  nearly  Identical  results.  Thirdly,  the 
boundary  Integral  equation  method  [6,7]  was  ap¬ 
plied  to  our  problems.  For  simple  flaw  geometries 
such  as  circles  and  squares,  no  advantage  was 
gained  with  the  boundary  Integral  equation  method, 
however. 

In  the  axial -symmetric  method  we  assume  that 
the  stress  intensity  factor  ratios  of  a  square  and 
a  circular  flaw  are  equal  to  the  ratios  of  circum¬ 
ferential  stresses  (of  elements  nearest  the  flaw 
front)  of  a  cylindral  and  a  spherical  void 
stressed  radially  along  the  rotational  axis.  The 
stress  ratio  method  used  to  obtain  stress  Intens¬ 
ity  factors  has  been  discussed  by  the  author  In  a 
previous  Investigation  [8].  The  elements  used  In 
one  quadrant  are  shown  In  Fig.  5  and  Fig.  6  for 
the  spherical  and  cylindrical  voids,  respectively. 
Axially  symmetric  finite  element  stress  analysis 
employing  NASTRAN  (NASA  Stress  Analysis  Program) 
with  trapezoidal  and  triangular  ring  elements  was 
carried  out  for  these  element  geometries. 


Fig.  5  Schematic  nodal  structure  containing 
a  spherical  void  for  axially  sym¬ 
metric  finite  element  stress  analyses 
(one  quadrant  Is  shown,  AB  Is  void 
boundary). 


Three  dimensional  stress  analysis  employing 
NASTRAN  with  quadratic  Isoparametric  hexahedron 
elements  to  yield  the  stress  Intensity  factors  Is 
more  powerful  and  rigorous.  A  schematic  of  the 
element  structure  in  one  octant  for  a  square  flaw 
is  shown  In  Fig.  7. 

Results  of  the  stress  intensity  factors  for 
the  square  flaw  (normalized  against  that  of  a  cir¬ 
cular  flaw)  by  the  two  methods  are  plotted  In 
Fig.  8.  Data  from  an  approximate  Integral  equa¬ 
tion  treatment  by  Bui  [9]  are  included  in  Fig.  8 
for  comparison.  Our  results  agree  with  Bui's  near 
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Fig.  6  Same  as  Fig.  5  for  a  cylindrical  void 
(DEF  Is  void  boundary). 


Fig.  7  Schematic  nodal  structure  containing  a 
square  or  a  circular  crack  for  three  di¬ 
mensional  finite  element  stress  analyses 
(one  octant  Is  shown;  only  one  Isoparam¬ 
etric  element  Is  drawn  for  clarity). 


the  corner  but  deviate  substantially  from  his  near 
the  edge  center  of  the  square  flaw. 

LIFETIME  PREDICTION  FOR  SQUARE  FLAWS  BY 
- — - VARIOlir1  METHODS - 


Fig.  8  Comparison  of  stress  Intensity 

factor  calculations  (rectangular 
vs  circular  flaw)  by  various  meth¬ 
ods  (K j  Is  Mode  I  stress  Intensity 
for  square  of  side  2a;  2S/a7iT  is 
Mode  I  stress  Intensity  for  circu¬ 
lar  flaw  of  radius  a;  S  Is  applied 
normal  stress). 


Table  I.  Comparison  of  the  Normalized  Equl 
valent  Circular  Flaw  Radius  (r/a)  by  the 
Three  Methods  for  Square  Flaws  of  Sides  2a 


Paris 

Exponent 

Fracture 

Mechanics 

Calculation 

Transfer 

Function 

Analysis 

Equivalent 
Area  * 
Approximation 

2.0 

1.094 

1.112 

1.1285 

2.5 

1.111 

1.120 

1.1285 

3.0 

1.12b 

1.128 

1.1285 

3.5 

1.140 

1.136 

1.1285 

4.0 

1.152 

1.143 

1.1285 

*The  normalized  equivalent  circular  flaw  radius 
for  square  flaws  of  sides  2a  according  to  the 
equivalent  area  method  Is  exactly  </\/*  or  1.1285. 


Results  of  the  normalized  equivalent  circular 
flaw  radius,  r/a,  for  a  square  flaw  of  sides  2a 
calculated  fracture  mechanically  are  compared  with 
those  estimated  by  the  transfer  function  and 
equivalent  area  methods  for  the  various  Paris 
exponents  (a  =  2.0  to  4.0)  In  Table  I. 

DISCUSSION 

The  transfer  function  method  and  the  equiva¬ 
lent  area  method  show  promise  as  convenient  mathe¬ 
matical  tools  for  the  lifetime  prediction  of 


Irregularly  shaped  two  dimensional  flaws.  The 
present  Investigation  deals  with  simple  square 
flaws.  Further  comparison  of  the  two  methods  on 
other  irregularly  shaped  flaws  are  In  need  to 
substantiate  the  conclusions  reached  In  this 
Investigation  and  to  define  the  limits  of  applica¬ 
tion  of  these  methods  to  flaw  geometries  beyond 
which  they  might  fall . 

For  the  simpler  flaw  geometry  where  lifetime 
prediction  by  the  transfer  function  and/or  the 
equivalent  area  method  holds,  direct  coupling  of 
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these  methods  to  NOE  Is  possible.  Such  work  Is 
currently  under  study  and  will  be  separately  re¬ 
ported.  For  more  complicated  flaw  geometries 
where  lifetime  prediction  by  the  transfer  function 
and/or  the  equivalent  area  method  becomes  Inaccu¬ 
rate,  the  more  direct  fracture  mechanics  method 
must  be  used.  The  type  of  crack  geometries,  where 
we  must  use  the  more  rigorous  fracture  mechanics 
method  of  evaluation,  has  not  yet  been  ascertained. 
This  remains  to  be  an  Interesting  area  for  *uture 
Investigation.  We  made  some  preliminary  compari¬ 
sons  of  the  equivalent  circular  flaw  radius  evalu¬ 
ation  by  the  transfer  function  method  and  the 
equivalent  area  method  for  the  symmetrical  dumb¬ 
bell  flaws  shown  In  Fig.  2.  The  comparison  is 
summarized  In  Table  II.  Direct  fracture  mechanics 
evaluation  of  these  Irregular  shaped  flaws  has  not 
yet  been  carried  out,  however. 

Table  II.  Comparison  of  Normalized  Equivalent 
Circular  Flaw  Radius  Evaluation  by  the  Trans¬ 
fer  function  and  Equivalent  Area  Methods  for 
the  Symmetric  Dumbbell  Flaws  (see  Fig.  2, 

B/R  =  1.0,  L/R  =  0.0  to  1.0). 

Normalized  Equivalent  Circular 
Flaw  Radius  (r/R) 


B/R 

L/R 

Transfer 

Function 

Method 

Equivalent 

Area 

Method 

Percent 

Difference 

1.0 

1.0 

1.96 

1.88 

4.2 

1.0 

0.9 

1.92 

1.85 

3.7 

1.0 

0.8 

1.88 

1.81 

3.8 

1.0 

0.7 

1.85 

1 .78 

3.9 

1.0 

0.6 

1.81 

1.74 

3.9 

1.0 

0.5 

1.77 

1.70 

4.0 

1.0 

0.4 

1.72 

1.67 

2.9 

1.0 

0.3 

1.67 

1.63 

2.4 

1.0 

0.2 

1.62 

1.59 

1.9 

1.0 

0.1 

1.58 

1.55 

1.9 

1.0 

0 

1.53 

1.50 

2.0 
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FLOW  DETECTION  IN  UNDERLYING  STRUCTURE  -  PROBLEMS  AND  OPPORTUNITIES 


J.  A.  Moyzls,  Jr. 
Materials  Laboratory 
Wrlght-Patterson  A.F.B.,  Ohio 


ABSTRACT 

Over  the  last  few  years  a  number  of  R&D  programs  have  been  funded  by  the  Materials  Laboratory  wltn 
the  object  of  developing  ultrasonic  and  eddy  current  techniques  for  the  reliable  detection  of  fatigue 
cracks  In  the  underlying  layers  of  multi-layer  structure.  This  paper  will  present  a  survey  of  these 
efforts,  discuss  the  successes  achieved  and  the  problems  that  still  remain  In  this  Important  Inspection 
field. 
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NONDESTRUCTIVE  EVALUATION  (NDE)  FOR  THERMAL-SPRAY  COATINGS 


Robert  A,  Sul  It,  Force  Engineering  Advisor  (N43A) 
Naval  Surface  Force,  U.S.  Pacific  Fleet 
San  Diego,  CA  9215S 


and 


Vincent  D.  Schaper,  Welding  Engineer  (2803) 
David  W.  Taylor  Naval  Ship  R&D  Center 
Annapolis  Laboratory 
Annapolis,  MD  21402 


THERMAL-SPRAY  DEFINITION  AND  CLASSIFICATION1 

Thermal  sprqy  Is  the  process  of  depositing 
metal,  alloy,  and  ceramic  coatings  on  properly 
prepared  substrate  materials  so  that  they  solidify 
on  and  bond  mechanically,  chemically,  and  metal¬ 
lurgical  ly  to  the  substrate  materials.  Thermal - 
spray  coatings  are  applied  to  Improve  surface-wear 
characteristics,  to  provide  resistance  to  heat, 
oxidation,  and  chemical  environments;  to  restore 
dimension  to  the  original  equipment  manufacturer's 
(OEM)  specifications;  to  reduce  erosion  wear;  and 
to  Improve  corrosion  control. 

The  authorized  use  of  the  thermal -spray  pro¬ 
cesses  In  the  Navy  are  specified  in  acquisition 
and  OEM  drawings  for  new  equipment;  In  Technical 
Repair  Standards  or  TRS's  for  the  naval  shipyards. 

There  are  several  different  thermal -spray 
processes,  they  can  be  conveniently  classified  by 
the  heat  source  and  the  physical  form  of  the 
material  being  sprayed.  The  oxy-fuel  or  the  com¬ 
bustion  systems  are  capable  of  thermally  spraying 
metal,  alloy,  and  ceramic  powders  In  powder  guns; 
wire  in  wire  guns;  and  ceramic  materials  when  they 
are  packed  Into  rods  or  cords  and  sprayed  In  wire 
guns.  The  electric-arc  gun  sprays  wire  materials; 
and  the  arc- plasma  and  the  "Union  Carbide  proprie¬ 
tary"  detonation-gun  processes  sprays  powder 
materials  only. 

The  oxy-fuel  temperatures  of  arouno  3500°F  to 
the  15K  to  3CK°F  temperatures  of  the  arc-plasma 
processes  gives  a.  full  range  of  thermal  sources  to 
melt  and  atomize  all  known  materials.  In  addition 
to  the  high-temperature  capacity,  the  thermal- 
spray  equipment  Is  designed  to  propel  the  atomized 
spray  materials  onto  the  substrate  at  high  veloc¬ 
ity.  The  coating  materials  must  have  a  plastic 
range  of  at  least  100  to  150°F. 

The  Impact  velocity  of  the  sprayed  material 
on  to  the  substrate  Is  directly  related  to  the 
coating  density,  hardness,  and  bond  or  tensile 
strength  of  the  coating  to  the  substrate.  The 
oxy-fuel  powder-spray  gun  has  an  Impact  velocity 
of  about  80  to  100  ft/sec  and  produces  the  lowest 
density,  hardness,  and  bond  of  the  thermal -spray 
processes.  The  oxy-fuel  and  electric-arc  wire  gun 
have  an  Impact  velocity  ranging  from  1600  to 
2000  ft/ sec  when  spraying  at  atmospheric  pres¬ 
sures;  about  2200  to  2400  ft/sec,  equivalent  to 


the  detonation  gun,  when  arc-plasma  spraying  at 
partial  vacuum  of  about  50  torr  (50  mm  of  Hg). 

Although  the  heat  required  for  thermal  spray¬ 
ing  Is  generally  supplied  by  fuel  gas  or  electric¬ 
ity,  one  material,  a  mixture  of  nickel  and  alumi¬ 
num,  has  been  developed  to  provide  additional  heat 
when  sprayed.  When  heated  in  the  gun,  nickel  and 
aluminum  combine  chemically  releasing  a  signifi¬ 
cant  amount  of  exothermic  energy  which  Is  added  to 
the  heat  produced  by  the  gun.  The  result 
Increases  the  bond  strength  as  much  as  ten-fold 
when  used  in  an  oxy-fuel  powder-spray  gun 
approaching  that  obtainable  with  the  arc-plasma 
spray  process. 

The  wide  range  of  coating  materials  and 
thermal -spray  processes  gives  the  materials 
engineer  the  opportunity  to  design  a  coating 
system  to  maximize  equipment  and  component  service 
life,  restore  dimensions,  Improve  the  wear,  and 
decrease  erosion  and  corrosion  characteristics  of 
hull,  mechanical,  and  electrical  (HME)  components; 
these  coatings  can  be  applied  during  original 
equipment  manufacture  or  during  their  repair  and 
overhaul.  The  simpler  combustion  gun  and  wire 
processes  are  used  at  Intermediate  maintenance 
activities  (IMA),  l.e.,  tenders,  repair  ships  and 
shore  IMA's  (SIMA's);  the  arc-plasma  system  is 
used  at  Industrial  activities  as  naval  shipyards. 

SERVICE  APPLICATIONS 

Wear  Coatings  and  Restoration  of  Dimensions  - 
Thermal- spray  coatings  can  be  applied  to  bull dur 
worn  or  mls-machlned  parts  and  to  Improve  abrasion 
resistance.  They  are  not  Intended  to  fill  gouges 
or  similar  lucallzed  damage  without  building  up 
the  entire  area.  Thermal -spray  deposits  do  not 
restore  properties  such  as  tensile  strength  or 
resistance  to  fatigue  stresses.  However,  under 
compressive  loading  conditions,  they  can  exceed 
the  original  properties.  MIL-STD-1687  (SH) 
approues  the  following  thermal -spray  coatings:2 

"a.  Repair  of  seal  (packing)  areas  of  shafts 
used  in  oil  and  fresh  water  systems  to  obtain 
original  dimensions  and  finish. 

b.  Repair  of  bearing  Interference  fit  areas 
of  shafts  to  restore  original  dimensions  and 
finish  (except  for  motors  and  generators  where 
chrome  plating  Is  permissible). 
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c.  Buildup  of  pump  shaft  wear  ring  sleeves 
to  original  dimensions. 

d,  Repair  of  miscellaneous  static  fit 
areas,  such  as  those  on  electric  motor  end  bells, 
to  restore  original  dimensions,  finish  and 
alignment." 

CORROSION  CONTROL 

The  Navy  has  been  using  wire  sprayed  aluminum 
(WSA)  as  a  high  performance  marine  corrosion- 
control  system  for  a  wide  range  of  shipboard  com¬ 
ponents  and  spaces  on  the  weather  decks  and 
Interior  spaces.  The  WSA-preservatlon  system  con¬ 
sists  of  a  0.007  to  0.010  Inch  of  WSA  applied  over 
a  clean  white  substrate  abrasive  blasted  with 
angular  grit  as  aluminum  oxide  to  a  0.002  to  0.003 
Inch  "anchor-tooth"  and  then  sealed  with  an  appro¬ 
priate  organic  paint  or  primer.  Large  scale  use 
of  the  WSA-preservatlon  system  began  with  the 
preservation  of  steam  valves  In  1977  and  It  Is  now 
being  used  routinely  In  the  maintenance  and  over¬ 
haul  of  many  shipboard  components  and  spaces  where 
the  conventional  paint  systems  have  not  been 
effective.  WSA  Is  also  being  used  In  new  ship 
construction. 

NONDESTRUCTIVE  EXAMINATION 

We  know  of  no  NDE  technique  suitable  for 
assessing  the  quality  of  thermal -spray  coatings  In 
the  shop  and  production  environment.  Current 
quality  assurance  procedures  being  used  are: 

1.  Process  control,  l.e.,  spray  within  the 
process  parameters  which  have  been  previously 
qualified  through  destructive  examination. 

2.  Coupon  analysis,  l.e.,  preparing  and 
spraying  a  coupon  In  like  manner  to  that  of  the 
production  component  and  conduct  destructive 
tensile,  hardness,  and/or  metallographlc  exam¬ 
ination  of  the  coupon  sample. 


NDE  REQUIREMENTS 

Need  NDE  techniques,  equipment,  and  pro¬ 
cedures  suitable  for  Intermediate-  and  depot-level 
shop  repair  work  and  their  quality  assurance 
personnel  to  quantitatively  evaluate: 

I.  Substrate  preparation 

a.  Cleanliness  -  no  contamination  as 
grease/oll,  dirt,  and  oxidation  of  the  substrate. 

b.  No  embedded  abrasive  blasting  mate¬ 
rial  ana  debris. 

c.  Anchor-tooth  profile  In  the 

substrat  . 

?.  Bond  or  adhesion  of  the  thermal -spray 
coating  \o  the  substrate  Including  areas  where 
bond  Is  below  that  specified  for  the  coating 
system. 

3.  Bond  or  adhesion  between  adjacent  layers 
of  a  multi  coat  system  as  nickel -aluminum  bond  coat 
topped  with  an  alumlna-tltanla  ceramic  wear  coat. 

4.  Cracks  and  "bad  volume"  under  the  sur¬ 
face  which  could  result  from  equipment  malfunc¬ 
tion,  use  of  bad  spray  materials,  and/or  spraying 
outside  the  coating  parameters. 
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IMPROVED  IMAGING  OF  MAGNETIC  FLUX  LEAKAGE  FIELDS 


Alfred  L.  Broz 

Army  Materials  and  Mechanics  Research  Center 
Watertown,  Maryland 


ABSTRACT 

The  present  detection  methods  for  Imaging  flux  leakage  are  colored  particle,  fluorescent  particle. 
Hall  detectors  and  colls.  These  techniques  are  limited  due  to  the  need  for  the  detector  to  be  in  close 
proximity  to  the  material  being  Inspected.  Requirements  exist  In  the  Army  for  both  remote  sensing  tech¬ 
niques  and  techniques  which  will  allow  easier  analysis  of  the  detected  flux  leakage. 


ARMY  PROBLEM 

There  exists  a  need  for  Improved  Imaging  of 
magnetic  flux  leakage  fields. 

Ferromagnetic  materials  can  be  Inspected  for 
surface  and  subsurface  defects  by  utilizing  the 
magnetic  properties  of  the  material.  In  this 
method,  the  test  specimen  Is  magnetized  by  sending 
an  alternating  or  direct  current  through  the 
specimen  or  by  placing  the  specimen  In  the  field 
produced  by  a  permanent  magnet  or  an  electro¬ 
magnet.  Defects  are  detected  by  Interrogating  the 
test  specimen  surface  with  a  probe  which  detects 
magnetic  field  Inhomogeneities.  If  the  tested 
material  exhibits  adequate  magnetic  retentivlty, 
the  specimen  can  be  Inspected  after  magnetization. 

Various  probes  and  support  Instrumentation  are 
used  to  detect,  sense,  and  Image  the  magnetic 
field  Inhomogeneities  at  the  specimen  surface. 

Small  ferromagnetic  particles,  such  as  Iron  oxide 
powder,  are  the  simplest  and  most  common  detectors 
utilized.  To  Improve  visibility,  the  particles 
are  coated  with  either  a  colored  or  a  fluorescent 
substance.  These  particles  are  applied  dry  or 
dispersed  In  a  liquid  to  the  test  Item.  The  par¬ 
ticles  accumulate  at  the  site  of  tne  magnetic 
leakage  field  and  produce  a  visible  outline  of  the 
discontinuity  on  the  surface  of  the  test  Item  when 
properly  viewed.  Water  and  kerosene  are  the  usual 
liquids  the  particles  are  dispersed  In,  but  room 
temperature  curing  rubber  Is  also  used  to  provide 
a  replica  casting. 

The  use  of  small  ferromagnetic  particles  for 
Imaging  magnetic  flux  leakage  fields  has  the 
following  shortcomings. 

1.  No  quantitative  Information  Is  provided 
about  the  magnetic  flux  leakage  field. 

2.  The  technique  Is  difficult  to  adapt  to 
automatic  inspection  procedures. 

3.  The  particles  also  accumulate  at  gravity 
favored  sites. 

4.  Careful  handling  Is  required  to  not 
disturb  the  Indication. 

5.  The  Interior  of  cylindrical  Items  such  as 
pipe,  gun  tubes,  and  projectile  components 
are  difficult  to  Inspect  using  the  magnetic 
particles  as  the  Imaging  technique. 

6.  Indications  on  specimens  with  u  rough  sur¬ 
face  finish  are  difficult  to  Interpret. 

toll  detectors,  Induction  colls  with  and  with¬ 
out  cores,  and  some  semiconductor  devices  are  used 


as  magnetic  probes  to  sense  the  magnetic  leakage 
field.  These  magnetic  probes  are  hand-held  or  at¬ 
tached  to  a  mechanical  scanning  mechanism.  Coll 
type  magnetic  probes  require  rapid  relative  motion 
to  the  magnetic  flux  leakage  field  to  generate 
adequate  output  signals.  For  crack  detection  both 
the  magnetizing  field  and  the  probe  scanning  di¬ 
rection  must  have  components  normal  to  the  crack 
orientation. 

A  significant  amount  of  hardware  has  been 
constructed  to  examine  ferromagnetic  items  with 
magnetic  probes.  Automated  and  semi  automated 
systems  are  used  to  Inspect  antl-frlctlon  bear¬ 
ings,  pipe,  gun  tubes,  projectiles,  and  similar 
Items  with  cylindrical  symmetry. 

The  use  of  magnetic  probes  to  inspect  Items 
provides  a  characteristic  signature  concerning  the 
flux  leakage  source.  From  the  magnetic  signatures 
obtained,  flaw  volume,  flaw  location,  flaw  depth 
from  surface,  flaw  orientation,  and  flaw  width  can 
be  determined. 

lhe  magnetic  signatures  can  be  Imaged  with  an 
oscilloscope,  peak  and  hold  detectors  to  strip 
chart  recorders,  oscillographic  recorders  and  scan 
converters  for  video  display. 

The  use  of  magnetic  probes  to  Image  magnetic 
flux  leakage  fields  has  the  following  shortcom¬ 
ings: 


1.  Some  magnetic  probes  require  rapid 
relative  motion. 

2.  Magnetic  probes  must  Inspect  very  close  to 
the  specimen's  surface  (approximately 
0.01"). 

3.  Magnetic  probes  lend  themselves  to  auto¬ 
mated  Inspection  but  require  complex 
hardware  to  follow  specimen  geometry. 

With  the  advent  of  coherent  single  frequency 
light  sources,  are  there  other  ways  of  Imaging 
magnetic  flux  leakage  fields?  Do  there  exist  any 
magneto- optical  effects  which  *«uld  be  useful  for 
Imaging  magnetic  flux  leakage?  The  advantages  of 
such  a  technique  would  be: 


1.  Remote  sensing. 

2.  Quantitative  flaw  parameterization. 

3.  Easier  automatic  Inspection. 

4.  Easier  manual  and  automatic 
Interpretation. 
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INTRODUCTION  TO  CERAMIC  NDE 


A.  G.  Evans 

University  of  California 
Berkeley,  California 


This  morning's  session  will  be  devoted  to  work 
on  ceramics.  Ceramics  Is  an  area  where  attempts 
are  under  w ay  to  try  to  explicitly  predict  failure 
from  nondestructive  detection  and  characterization 
of  defects.  So  we  will  have  a  series  of  talks 
today,  some  of  which  describe  the  detection  and 
characterization  of  defects,  and  others  are  con¬ 
cerned  with  the  association  of  those  defects  to 
the  failure  characteristics  of  the  material  In  an 
attempt  to  Integrate  those  two  aspects  of  the 
failure  prediction  process. 

The  first  talk  will  be  an  overview  of  the 
ceramics  program  to  date.  This  will  be  presented 
by  Bruce  Thompson  from  the  Science  Center. 

Bruce  Thompson  (Science  Center):  Before 
starting  the  overview,  I  would  like  to  conclude  my 
Introductory  remarks  of  yesterday  with  one  thing 
which  I  neglected  to  say.  If  I  could  have  the 
first  slide,  please. 

On  the  final  day  of  the  program,  we  have  a 
time  period  which  Is  Indicated  as  "Open  for 
Informal  Working  Groups." 

Our  thinking  there  was  that  some  people  may  be 
able  to  stay  on  or  even  want  to  stay  for  the 


weekend;  they  might  like  to  use  that  time  to  get 
together  and  discuss  some  topics  of  special 
Interest,  and  so  we  have  left  that  time  open. 

More  specifically,  though,  there  are  a  few  meeting 
rooms  that  are  available,  and  Diane  Harris  could 
help  you  find  one  If  there  Is  a  group  which  would 
like  to  continue  the  discussion  of  adhesive  bonds 
yesterday  or  any  of  the  other  topics  which  come 
up.  So  please  take  advantage  of  that  If  it  suits 
your  interest. 

Before  going  on  Into  my  overview,  I  have 
another  addition  to  the  program.  We  are  fortunate 
that  Bill  Reynolds  from  Harwell  has  been  able  to 
attend  the  meeting.  He  was  only  able  to  finalize 
his  plans  about  two  weeks  ago,  so  he  could  not 
submit  a  paper.  However,  they  have  been  doing 
some  very  Interesting  work  at  Harwell  In  the  area 
of  mlcrofocusradlography .  And  since  the  earlier 
radiographic  work  was  done  as  a  part  of  t  Is 
program,  and  because  they  have  a  somewhat  more 
sophisticated  Instrument  that  has  been  able  to 
significantly  extend  those  results,  I  thought  It 
quite  appropriate  for  him  to  present  a  sunmary  of 
the  results  that  they  have  obtained. 


MICROFOCUS  RADIOGRAPHY 


W.  N.  Reynolds 
AERE,  Harwell,  England 


Thank  you  very  much. 

I  should  emphasize  that  what  I  am  going  to 
talk  about  Is  really  the  result  of  a  very  brief 
program  which  was  funded  at  Harwell  by  David 
Godfrey  of  AMTE,  who  Is  probably  well-known  to 
ceramic  practitioners  here.  We  were  very  glad  to 
have  this  contact  because  It  gave  us  access  to  the 
TTCP  specimens  which  were  prepared  In  this 
country;  specimens.  In  particular,  of  silicon 
nitride  tiles  containing  seeded  defects,  which 
many  of  you  have  studied  by  various  techniques. 

My  collaborator  was  Ron  Smith  In  this  work. 

The  objective  was  to  compare  the  sort  of  ultra¬ 
sonics  that  we  had  with  the  performance  of  the 
radiographic  facilities  for  looking  at  these  very 
small  seeded  defects. 

Now,  I  was  thinking  that  my  talk  would  come  at 
the  end  of  this  session  and,  therefore,  that  you 
would  already  be  familiar  with  the  types  of 
defects  which  have  been  Introduced  In  these  tiles 
and  their  sizes,  but  I  am  afraid  I  do  not  really 
have  time  In  my  talk  to  discuss  all  that.  I 
Imagine  that  subsequent  speakers  will  be  giving 
you  details  of  that. 

The  ultrasonics  that  we  used  was  basically  a 
conventional  C-scan  using  a  plane  2b-megahertz 
probe  and  the  usual  sort  of  loss  of  back-echo 
technique  to  see  what  defects  we  could  find.  And 
naturally,  with  such  a  comparatively  unsophisti¬ 
cated  system,  we  could  see  some  of  the  defects, 
but  by  no  means  all  of  them. 

We  then  went  on  to  the  radiography.  The 
particular  sort  of  radiography  that  we  are  doing 
Involves  the  use  of  a  microfocus  source.  This  is 
now  commercial  equipment  at  home,  and  I  am  afraid 
I  cannot  tell  you  all  the  present  details  of  It, 
but  the  vital  thing  about  It  Is  that  this  Instru¬ 
ment  called  the  E12  has  a  15-micron  diameter 
source  of  very  bright  x-rays.  This  particular 
manifestation  of  the  Instrument  operates  from  30 
to  80  kilovolts.  There  Is  another  Instrument 
which  operates  at  lower  voltage. 

Now,  when  one  has  this  microfocus  source, 
there  Is  great  advantage  In  using  a  projection 
system  whereby  the  specimen  Is  quite  near  the 
source  and  the  recording  plate  Is  a  good  deal 
further  away,  so  that  one  obtains,  effectively,  a 
magnification.  For  reasons  which  are  not  obvious, 
but  which  can  now  be  justified,  there  Is  an 
improvement  In  the  contrast  and  resolution  In  the 
use  of  a  system  of  this  kind  by  comparison  with 
what  you  can  get  with  a  contact  radiograph. 

My  colleague,  Ron  Smith,  has  recently  carried 
out  a  Monte  Carlo  computer  calculation  showing  how 
scattered  radiation  In  this  projection  case  can  be 


lost  entirely  to  the  recording  plate;  and  there¬ 
fore,  the  contrast  and  the  resolution  of  small 
defects.  Is  Improved  by  comparison,  as  I  say,  with 
the  contact  radiograph.  That  paper  has  been 
submitted  to  the  British  Journal  of  Nondestructive 
Testing  and  should  be  available  at  anytime  In  the 
next  month  or  two. 

What  I  should  just  briefly  like  to  do  now  Is 
show  you  exactly  the  numbers  that  we  obtained. 

In  the  first  vlewgraph  (Table  1),  for  which  we 
must  thank  our  hosts  here  for  producing  with  their 
customary  generosity  and  the  efficiency  we  have 
come  to  take  for  granted,  at  a  moment's  notice, let 
me  say. 

We  can  see  this  refers  to  the  material  as  hot 
pressed  silicon  nitride.  We  have  looked  up  the 
best  available  figures  that  wo  could  find  for  the 
density  and  the  acoustic  Impedance  properties,  and 
you  can  see  along  the  top  line  there  what  these 
numbers  work  out  for  each  material.  From  this  we 
then  calculated  the  reflection  coefficient  and 
what  we  thought  was  possibly  of  more  direct  Impor¬ 
tance,  the  transmission  coefficient,  first  of  all, 
from  the  silicon  nitride  Into  the  defect  material 
and  from  the  defect  material  back  to  the  silicon 
nitride,  and  the  final  column  shows  the  ultimate 
transmission  through  a  system  of  that-  kind. 

We  thought,  perhaps,  either  the  reflection 
coefficient  or  the  final  products,  D1D2  might  be 
the  more  effective  Indicator  of  how  likely  It  was 
that  you  could  find  a  given  defect  by  ultra¬ 
sonics.  Of  course,  the  first  column,  the  density, 
gives  a  good  Idea  of  how  likely  It  Is  that  you 
will  find  the  same  defects  by  radiography. 

The  difficulty  lies,  of  course,  In  the  range 
of  silicon  carbide,  silicon  and  qraphite.  We 
refer  to  our  Chairman  up  here,  I  think;  his  well- 
known  work  on  the  fracture  toughness  of  ceramics 
strongly  suggests  that  It  Is  materials  of  this 
kind  which  themselves  have  low  fracture  toughness 
and  low  modulus  which  may  be  the  most  dangerous. 

The  figures  have  also  been  worked  out  for 
reaction-bonded  silicon  nitride  (Table  2).  And 
there,  again,  they  may  be  slightly  different,  but 
not  substantially.  We  put  In  the  two  cases  for 
carbon.  We  do  not  know  quite  what  form  the  carbon 
or  graphite  Inclusions  might  be  when  they  are 
actually  In  the  ceramic  tile.  But  you  can  see 
that  when  D1D2  approaches  unity,  it  looks  pretty 
unlikely  that  you  would  be  able  to  find  It  by 
ultrasonics.  But  when  the  figure  Is  substantially 
different  from  unity,  then,  of  course,  there  1$  a 
very  good  chance.  Of  course,  the  density  figures 
also  show  some  of  the  Impurities  will  come  out  as 
light  patches  and  some  of  them  will  come  out  as 
dark  patches. 
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Table  1 


HPSN:  Density  and  Acoustic  Properties  of  the  Inclusion  Materials 


Material 

Density 
kg  nf 3 

Longitudinal 

Velocity 

km/s 

Acoustic 

Impedance 

kg/m2s 

Reflection 

Coefficient 

R 

Transmission 

Coefficient 

SI  3Ni,-to-defect 

Oi 

Transmission 
Coefficient 
Defect-to-SI jN^ 
l>2 

"l°2 

HPSN 

3 . 1G  10 ' 

10.5 

3.3  107 

0.00 

1.00 

1.00 

1.00 

WC 

15.77  103 

6.6 

10.4  107 

0.52 

1.52 

0.48 

0.73 

Fe 

7,87  103 

5.9 

4.6  107 

0.16 

1.16 

0.84 

0.97 

BN 

2.25  103 

5.5 

1.2  107 

-0.47 

0.53 

1.47 

0.78 

SIC 

3.22  103 

12.0 

3.8  107 

0.08 

1.08 

0.92 

0.99 

SI 

2.33  103 

11. 9 

2.8  107 

-0.08 

0.92 

1.08 

0.99 

C 

(Graphite) 

[0001] 

2.26  IQ3 

22.7 

5.1  107 

0.21 

1.21 

0.79 

0.96 

C 

(Graphite) 

i  [0001] 

2.26  103 

4.56 

1.0  107 

-0.53 

0.47 

1.53 

0.72 

Table  2 

RBSN  -  Density  and  Acoustic  Properties  of 

the  Inclusion  Materials 

Material 

Density 
kg  m*3 

Longltudl nal 

Velocity 

km/s*i 

Acoustic 
Impedance 
kg/m‘2  s'1 

Reflection 

Coefficient 

R 

Transmission 

Coefficient 

SI  3Ni,-to-defect 

Di 

Transmission 
Coefficient 
Defect-to-SI  3Ni, 

d2 

Dl°2 

RGSN 

2 .20  103 

6.14 

1.35  107 

O.00 

1.00 

1.00 

1.00 

WC 

0.77 

1.77 

0.23 

0.41 

Fe 

0.55 

1.54 

0.45 

0.69 

BN 

-0.06 

0.94 

1.06 

1.00 

SIC 

0.49 

1.49 

0.51 

0.76 

SI 

0.35 

1.35 

0.65 

0.88 

C 

(Graphite) 

[0001] 

0.58 

0.87 

0.42 

0.37 

C 

(Graphite) 

1  [0001] 

-0.15 

0.85 

1.15 

0.98 

Now,  this  Is  our  final  table  of  results 
(Table  3).  The  defects  that  we  claim  to  see  are 
as  follows: 

The  column  labeled  "U"  refers  to  defects  which 
we  found  by  our  simple  C-scan  of  the  sites  and 
which  can  be  seen  on  the  MUFAX  four-level 
recorder.  The  X  radiograph,  the  defects  found  by 


X-rays,  were  obtained  In  many  cases  by  projection 
radiography.  Some  of  the  defects  could  be  found 
with  a  magnification  factor  of  about  four,  but  the 
smallest  ones,  particularly  In  the  case  of  boron 
nitride  and  silicon  we  could  only  see  by  using  a 
magnification  factor  of  12.  Now  It  Is  obviously 
quite  Impracticable  to  completely  survey  an  Item 
with  a  magnification  of  12. 
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Table  3 


Summary  of  Present  Results  on  Silicon  Nitride  Tiles 


Fine 

Medium 

Coarse 

Matrix  Material;  Defect  Type 

25  vim 

125  pm 

250  pm 

510  ijn 

NC-132  HPSN;  Fe 

X,  U 

X,  U 

X,  U 

X,  u 

WC 

X 

X 

X,  U 

- 

Si 

X 

X 

X 

SIC 

X 

BN 

X,  U 

X,  U 

X,  u 

X,  u 

C 

X 

X,  u 

NC-320  RBSN;  Fe 

- 

X,  U 

X,  u 

X,  u 

SI 

- 

X 

X,  u 

SiC 

- 

X 

X,  u 

Low  Density 

- 

X 

C 

- 

U 

X 

X 

Pores 

- 

X 

X,  u 

X 

Relative  effectiveness  of  detection  of  seed  defect  Inclusions  by 
ultrasonlcsand  radiography. 

X  =  radiography 
U  -  ultrasonics 


It  Is  a  very  big  microscope  job,  and  to  do 
X-ray  microscopy  with  a  large  magnification  factor 
Is  not  very  practicable.  But  what  we  did  find  Is 
that  using  our  own  ultrasonic  system  and  carrying 
out  a  B-scan,  recording  a  B-scan  along  a  line  In 
the  tile  on  which  we  had  reason  to  suppose  there 
were  defects,  we  could  Identify  areas  which 
aroused  suspicion,  and  we  would  then  carry  out  the 
projection  radiography  on  those  particular  areas. 

In  particular,  we  were  able  to  find,  as  we 
say  here,  very  small  defects  In  the  hot  pressed 
silicon  nitride.  In  the  reaction  bonded  silicon 
nitride,  we  could  not  do  quite  so  well,  obviously, 


because  there  Is  more  background  scatter  or  more 
noise  In  the  system. 

On  the  whole,  we  think  that  these  figures  are 
substantially  better  than  others  which  have  been 
claimed  by  people  elsewhere  who  have  used  other 
systems  of  radiography.  We  are  therefore  suggest¬ 
ing  that  radiography  has  an  Important  part  to 
play,  In  conjunction,  you  understand,  we  would 
suggest.  In  this  Important  problem  of  detecting 
and  classifying  defects  In  silicon  nitride. 

Thank  you. 


{ 
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SUMMARY  DISCUSSION 


Bruce  Thompson  (Rockwell  Science  Center  [now  Ames  Laboratory]):  Perhaps  we  should  take  a  moment  or  two 
to  entertain  any  questions  on  Bill's  work  before  I  proceed. 

Bill  Reynolds  (AERE  Harwell):  I  should  say  I  have  a  copy  of  the  report  here. 

And  the  people  who  are  Interested  In  the  details,  I  can  show  you  some  prints  of  the  radiograph, 
but  I  haven't  got  any  slides  prepared. 

James  Aller  (NSF):  How  long  was  your  exposure  on  the  film? 

Bill  Reynolds:  Fairly  long.  I  think  of  the  order  of  -  anything  up  to  two 
hours. 

Unidentified  Speaker:  Can  you  describe  the  microfocus  unit  a  little  bit 
better? 

Bill  Reynolds:  I  am  afraid  I  cannot.  It  has  had  a  long  history.  Originally 

the  microfocus  system  depended  on  a  specially  developed  electrostatic  focus,  but  since  then, 
the  whole  thing  has  been  taken  over  by  a  commercial  organization.  I  do  not  know  exactly  what 
they  have  done  with  It.  We  just  use  it  as  a  very  valuable  source  of  very  fine  focus  x-rays. 

Unidentified  Speaker:  Is  it  done  In  vacuum  or  - 

Bill  Reynonds:  Yes,  it's  continuously  pumped. 

P.S.  Ong  (University  of  Houston):  What  spot  size,  curve,  and  voltage?  Do  you 
have  any  Information  about  spot  size,  curving,  and  voltage  of  the 
x-ray  tube? 

Bill  Reynolds:  The  voltage  we  used  in  this  particular  case  was  80  kilovolts; 

the  spot  size  Is  15  micron  diameter;  and  this  is  continously  pumped. 

P.S.  Ong:  Have  you  ever  considered  using  an  image  Intensifler  at  all? 

Bill  Reynonds:  We  have,  In  fact,  done  that.  I  may  say  that  this  Is  the  least  Important  application  of 
the  system  that  we  have. 

Bruce  Thompson:  Thank  you  very  much  for  giving  that  very  interesting  but  Impromptu  presentation. 


OVERVIEW  OF  CERAMICS  PROJECT 


R.  Bruce  Thompson 

Rockwell  International  Science  Center 
Thousand  Oaks,  CA  91360 


ABSTRACT 


The  background  and  present  plans  for  the  ceramics  project  are  reviewed, 
for  the  following  papers. 


Introduction 

As  was  discussed  previously,  an  important 
element  in  the  development  of  a  quantitative  NDE 
technology  is  the  coupling  of  nondestructive 
measurement  results,  failure  modeling,  and  risk 
analysis  to  produce  an  accept/reject  criteria. 

This  basic  philosophy  was  first  formulated  from 
first  principles  in  the  context  of  a  project  to 
produce  a  quantitative  inspection  capability  for 
ceramic  materials.  In  this  paper,  the  history  of 
this  project  is  reviewed  and  the  plans  for  this 
year's  program,  whose  results  you  will  hear  today, 
are  described 

Accept/Reject  Criteria 

The  development  of  the  accept/reject  criteria 
depends  on  a  risk  analysis  as  illustrated  in 
Fig.  1.  At  the  top  is  an  equation  for  the  risk, 
or  cost,  associated  with  the  selection  of  partic¬ 
ular  accept/reject  level.  That  cost  consists  of 
three  terms:  first  term,  which  is  associated  with 
false  acceptances,  a  second  term,  which  is  associ¬ 
ated  with  false  rejections,  and  a  third,  constant 
term  associated  with  fixed  costs.  In  the  equation, 
w  represents  the  cost  of  failure  (lost  in  false 
acceptance),  w,  is  the  cost  of  manufacture  (lost 
in  false  rejection),  and  b  is  the  fixed  costs. 

The  origin  of  the  probability  of  false  acceptance, 
e  ,  and  the  probability  of  false  rejection,  e, , 
are  illustrated  in  the  graph  below.  There  the 
probability  of  a  given  measurement  result,  y,  is 
plotted  both  for  parts  which  will  survive  and 
parts  which  will  fail . 


This  provides  the  framework 
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Figure  1.  Elements  of  accept/reject  criteria 
selection  (see  text  for  detailed 
description  of  figure). 

The  curve  labeled  P(y/1)  describes  the  prob¬ 
ability  that  a  given  measurement  result  will  be 
obtained  on  those  parts  which  will  survive.  Many 
of  these  parts  will  have  a  very  low  NDE  indication, 
or  even  zero  indication,  as  is  illustrated  by  the 
fact  that  the  curve  extends  to  low  values  of  y. 

A  few,  however,  may  produce  a  fairly  large  measure¬ 
ment  indication.  If  this  exceeds  the  decision 
threshold,  false  rejections  of  those  parts  will 
occur.  The  probability  of  false  rejection,  e, , 
is  the  cross  hatched  area  under  the  P(y/1)  curve 
to  the  right  of  the  decision  point. 


R  ~  wOeO  +  w1e1  +  b 


Similarly,  for  that  population  of  parts  that 
will  fail,  there  will  be  a  distribution  of  measure¬ 
ment  results,  P(y/o).  Some  of  those  parts  will  have 
measurement  results  that  are  lower  than  the  thres¬ 
hold  or  decision  value.  Hence,  they  will  be  falsely 
accepted.  And,  the  probability  of  this  is  also  in¬ 
dicated  by  a  cross  hatched  area  and  is  equal  to  eQ. 

As  indicated  in  the  upper  equation,  the  risk 
associated  with  that  particular  decision  point  is 
equal  to  the  sum  of  the  products  of  the  costs  of 
the  false  acceptances  times  the  probability  of  the 
false  acceptances  plus  the  cost  of  the  false  re¬ 
jections  times  that  probability  plus  the  constant 
term.  The  optimum  decision  point  is  then  deter¬ 
mined  by  minimizing  the  total  cost.  This  amounts 
to  a  trade-off  between  the  e  and  e,,  the  false 
accept  and  false  reject  probabilities.  The  relative 
values  of  those  probabilities  vary  as  one  changes 
the  decision  point.  The  next  graph  is  an  example 
worked  out  for  one  particular  case.  One  can  see  that 
either  a  very  high  false  accept  probability  accomp¬ 
anied  by  a  low  false  reject  probability,  a  very 
high  false  reject  probability  accompanied  by  a  low 


false  accept  probability,  or  some  Immediate  value 
can  be  achieved.  The  particular  point  on  this 
curve,  and  thus  the  decision  threshold,  is  deter¬ 
mined  by  the  condition  of  minimum  cost. 

Ava, Table  Measurement  Techniques 

In  order  to  minimize  the  total  cost,  the 
false  accept  versus  false  reject  curve  should  lie 
as  close  to  the  axes  r.f  the  last  graph  in  Fig.  1 
as  possible.  Over  the  past  few  years,  several 
techniques  have  been  developed  with  this  objective. 
Limited  evaluations  have  been  performed  on  a  set 
of  disk-shaped  Si-N.  samples  containing  seeded 
impurities.  This  section  describes  these 
techniques. 

Figure  2  shows  a  flaw  image  produced  by  a 
scarring  laser  acoustic  microscope  (SLAM). 2  From 
such  an  image  produced  in  real  time,  one  can  make 
an  estimate  of  the  size  of  the  inclusion.  This 
can  then  be  coupled  with  failure  models  to  produce 
an  estimate  of  the  strength  of  the  part. 


Figure  2.  SLAM  images  of  Si  inclusion  in  Si . 

Figure  3  presents  results  obtained  using  a 
high  frequency  ultrasonic  backscattering 
technique. 3  By  analyzing  the  ultrasonic  backscat¬ 
tering  in  the  time  domain,  one  can  identify  sig¬ 
nals  corresponding  to  various  ray  paths  within  an 
inclusion.  From  these  signals,  their  relative 
magnitudes  and  their  detailed  character  in  the 


time  domain,  one  can  make  estimates  of  both  the  size 
and  material  of  the  inclusion.  And,  as  has  been 
shown  in  failure  modeling,'*  a  knowledge  of  the 
material  as  well  as  the  size  of  the  flaw  is  extremely 
important  in  determining  whether  it  will  or  will  not 
lead  to  failure. 

Si 


Figure  3.  Relative  scattering  cross-section  from 
Si  inclusion  in  Si,N.  as  a  function  of 
time.  J 

A  third  specimen  is  illustrated  in  Fig.  4. 

Here,  statistical  estimation  theory  approach  has  been 
used  for  sizing  flaws. 5  This  "unified  inversion 
algorithm"  makes  use  of  two  particular  ultrasonic 
inputs.  One  input  is  associated  with  very  low 
frequency  scattering  (long  wavelength  scattering 
in  the  Rayleiqh  regime),  and  the  other  is  related 
to  the  distance  from  the  flaw  center  to  its  front 
surface.  Frcm  values  of  these  parameters,  estimates 
of  flaw  size  and  material  are  outlined. 
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Figure  4.  Results  of  unified  inversion  algorithm 
when  applied  to  200  urn  radius  Fe 
inclusion  in  Si-jN^. 

An  important  aspect  of  this  approach  is  that, 
since  it  is  intrinsically  statistical  in  nature, 
the  output  is  in  the  form  of  a  probability  distri¬ 
bution.  It  not  only  predicts  the  flaw  size  and 
material,  but  also  assigns  probabilities  and 
errors  to  these  predictions.  In  the  case  shown, 
there  was  T\%  probability  of  the  detected  inclusion 
being  iron,  a  252  probability  of  its  being  tunqsten 
carbide,  and  a  4^  probability  of  its  being  silicon 
carbide.  In  fact,  it  was  iron,  as  was  predicted 
with  the  highest  probability. 
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Similarly,  as  shown  In  the  figure,  the  size  pre¬ 
dictions  are  quite  accurate.  The  probabilistic 
character  of  the  predictions  are  quite  important 
since,  both  in  the  ceramics  and  metals  areas, 
probabilistic  fracture  mechanics  and  life  predic¬ 
tion  are  gaining  widespread  acceptance.  It  is  go¬ 
ing  to  be  very  important  that  NDE  techniques  also 
make  quantitative  probabilistic  predictions  that 
can  be  combined  with  the  probabilistic  failure 
models. 

Present  Program 

The  plan  for  this  year,  which  involves  the 
extension  of  these  ideas  to  predice  sti  igths 
of  components  with  naturally  occurring  1  laws, 
illustrated  in  Fig.  5.  Starting  with  the  samp  t, 
to  be  discussed  below,  measurements  are  being  r...je 
using  the  three  techniques  just  discussed.  The 
scanning  laser  acoustic  microscope,  high-frequency 
ultrasonic  scattering,  and  low-frequency  ultra¬ 
sonic  scattering.  A  more  generalized  inversion 
algorithm  is  being  developed  that  will  combine  all 
of  these  inputs  to  make  the  best  possible  estimates 
of  flaw  properties.  The  algorithm  will  also  incor¬ 
porate  inputs  from  fracture  mechanics  to  make 
strength  prediction.  Finally,  destructive  tests 
will  be  made  and  the  predicted  strength  and  the 
actual  or  measured  strength  will  be  compared. 


The  specimen  geometry  which  has  been  selected 
is  illustrated  in  Fig.  6.  This  is  the  "button 
head"  specimen  which  is  made  from  hot  pressed 
silicon  nitride.  The  geometry  is  particularly 
suited  to  destructive  tests  in  a  tensile  machine. 
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Figure  6.  Geometry  of  "button  head"  specimen. 

The  schedule  of  this  effort  is  illustrated  in 
Fig.  7.  Unfortunately,  a  problem  has  developed 
as  will  be  observed  by  comparing  the  plan  and  the 
actual  schedule.  Samples  were  ordered  in  November 
and  rough  billets  were  received  in  mid-January, 
both  on  schedule.  The  particular  vendor  who  was 
doing  the  final  preparation  of  the  botton  head 
specimens  promised  tham  at  the  end  of  April.  It 
was  planned  that  the  three  different  measurement 
Investigators  would  be  able  to  rotate  those  samples 
and  complete  their  data  collection  by  the  end  of 
September. 
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Figure  7.  Program  schedule. 


Figure  5.  Work  flow  diagram  for  ceramics  project. 
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Unfortunately,  the  vendor  has  not  yet  been 
able  to  give  us  the  specimens,  and  so  some  of  the 
papers  will  be  less  complete  than  would  be  desired. 
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Nevertheless,  all  the  investigators  have  been 
developing  and  refining  their  techniques.  The 
interim  results  which  are  presented  give  a  good 
indication  of  what  is  to  come.  The  results  of 
the  final  comparison  of  the  destructive  tests  and 
the  NDE  predictions  will  not  be  available  for  a 
few  months. 

Questions 

Unidentified  speaker:  What  materials  are  you 
continuing  your  work  with? 

Dr.  Thompson:  Hot-pressed  silicon  nitride. 

Unidentified  speaker:  Who  is  the  manufacturer 
of  the  ceramics? 

Dr.  Thompson:  The  ceramic  material  came  from 
Norton;  however,  Norton  is  not  doing  the 
machining. 
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SUMMARY  DISCUSSION 


Bruce  Thompson  (Rockwell  Science  Center  [now  Ames  Laboratory]):  So,  with  that,  I  think  if  there  are  any 
questions,  I  vrould  be  happy  to  entertain  them;  otherwise,  we'll  go  directly  Into  the  formal 
papers. 

Unidentified  Speaker:  What  materials  are  you  continuing  your  work  with? 

Bruce  Thompson:  This  Is  a  hot-pressed  silicon  nitride. 

Unidentified  Speaker:  Who  Is  the  vendor? 

Bruce  Thompson:  I  have  debated  extensively  whether  to  announce  that  in 

public.  It  was  not  Norton,  from  whom  we  got  the  billets.  We  got  the  billets  from  Norton,  but 
I  suppose  I  really  don't  want  to  pan  the  vendor  in  public. 

Unidentified  Speaker:  I  was  referring  to  the  manufacturer  of  the  cramics. 

Bruce  Thompson:  The  ceramic  material  came  from  Norton;  however,  Norton  is  not 
doing  the  machining  on  it. 

Tony  Evans,  Chairman  (University  of  California  Berkeley):  We  would  like  to 
now  start  the  formal  series  of  papers  in  this  morning's  session. 
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ACCEPT-REJECT  DECISIONS  AND  PROBABILISTIC  FAILURE  PREDICTION 
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Rockwell  International  Science  Center 
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ABSTRACT 


The  purpose  of  this  paper  is  to  discuss  recent  progress  in  the  development  of  an  NDE  decision  form¬ 
alism  applied  to  the  case  of  brittle  fracture  In  ceramics.  The  on-line  Input  into  the  formalism  is  a 
set  of  non-destructive  (NO)  measurements  and  the  on-line  output  Is  the  probability  of  failure  condi¬ 
tioned  on  the  above  measurements.  The  final  accept-reject  decision  depends  only  upon  the  comparison  of 
the  above  output  with  a  threshold  related  to  the  concerns  of  the  user.  The  formalism  involves  stochas¬ 
tic  physical  models  of  the  ND  measurement  process,  the  failure  process  (assuming  a  given  stress  envi¬ 
ronment),  and  the  a  priori  statistics  of  defects.  The  present  formalism  goes  beyond  that  reported  at 
the  previous  meeting  in  several  respects:  (a)  a  greater  variety  of  possible  defect  types  are  Included, 
(b)  a  correspondingly  grater  variety  of  competing  failure  processes  are  considered,  and  (c)  a  more  di¬ 
verse  set  of  ND  measurements  are  Incorporated.  An  important  general  modification  of  the  total  formalism 
has  been  introduced:  namely,  the  earlier  formalism  Involving  a  single  most  significant  defect  concept 
has  been  replaced  by  a  more  realistic  formalism  In  which  all  possible  combinations  of  defects  are  taken 
into  account.  The  model  of  a  priori  statistics  of  defects  has  been  accordingly  modified  with  the  re¬ 
moval  of  the  extreme  value  feature.  We  will  present  fal se-rejection  fal se-acceptance  probability  curves 
for  various  sets  of  synthetic  test  data  and  various  values  of  model  parameters. 


INTRODUCTION 


The  purpose  of  this  talk  is  to  discuss  recent 
progress  in  the  developr  .it  of  the  NDE  decision 
formalism  (i.e.,  the  determinatin  of  the  proba¬ 
bility  of  failure  conditioned  on  NO  measurements 
and  the  associated  optimization  of  accept/reject 
criteria).  Here  the  application  is  limited  to 
brittle  fracture  in  ceramics,  although  the  general 
methodology  with  suitable  modifications  is  appli¬ 
cable  to  any  mode  of  failure  in  any  material. 

We  first  discuss  the  general  aspects  of  proba¬ 
bilistic  failure  prediction,  partly  for  the  pur¬ 
pose  of  defining  notation.  We  then  present  a  re¬ 
view  of  past  work  based  upon  the  dominant-defect 
approximation.  This  work  Involves  low-frequency 
acoustical  ND  measurements  and  two  alternative 
failure  processes  due  to  voids  and  subcritical 
inclusions,  respectively.  The  last  part  of  the 
talk  deals  with  a  more  realistic  formalism  in 
which  explicit  consideration  is  given  tc  all 
combinations  of  defects  that  can  occur. 

GENERALITIES  ON  PROBABILISTIC  FAILURE  PREDICTION 


It  has  been  shown1  that,  in  the  case  of  single 
dominant  defect,  the  conditional  probability  of 
performance  c  (c  =  1  +  survival  and  c  =  0  +  fail¬ 
ure),  is  given  by 

P(c.|y)  =  /  dx  P(y|x)  P(c|x)  P(x)  (1) 

P(y)  =  /  dx  P (y | x)  P(x)  (2) 


x  is  an  m-dimensional  state  vector  representing 
the  characteristics  of  the  single  significant 
defect.  The  state  vector  is  assumed  to  have  the 
property 

P(y,  c | x)  =  P(.v|x)  P(c|x)  (3) 

at  least  to  a  sufficient  degree  of  approximation. 

Now,  in  the  case  of  many  defects  where  the 
single  significant  defect  assumption  is  not  ade¬ 
quate,  the  above  formalism  has  to  be  extended. 

This  will  be  done  in  a  later  section. 


With  any  given  loss  function,  we  always  obtain 
an  accept-reject  decision  rule  of  the  game  form, 
namely 


P(o|y)  >  \  =>  reject 
P(o|y)  <  \  =>  accept 


(4) 


where  the  value  of  the  threshold  depends  on  the  _a 
priori  failure  probability  and  on  the  various  cost 
components  of  the  loss  function.  This  formalism 
is  depicted  in  Fig.  1. 


It  is  perhaps  desirable  to  review  also  the 
concept  of  operating  character4 Stic  curve,  i.e., 
the  plot  of  the  false- reject  probability  vs  the 
false-accept  probability,  since  this  curve  will  be 
used  frequently  as  a  measure  of  the  effectiveness 
of  the  NDE  formalism  in  several  cases.  The  false- 
accept  probability  (i.e.,  the  fraction  of  the 
failing  population  that  was  accepted)  is  given  by 

eQ  =  /  dy  H[X  -  P(o|y)?,  P(y|0)  (5) 


where  y  is  an  n-dimenslonal  vector  representing 
the  results  of  all  nondestructive  measurements  and 
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Fig.  1  NOE  formalism. 


where  H(*)  Is  the  Heaviside  (or  unit-step) 
function  defined  by 

H(u)  =  0  u  <  0 

=  1  u  >  0 


(6) 


where  u  Is  a  dummy  variable.  On  the  other  hand, 
the  false-reject  (l.e.,  the  fraction  of  the  sur¬ 
viving  population  that  was  rejected)  Is  given  by 


FALSE  ACCEPTANCE  PROBABILITY 

Fig.  3  The  operating  characteristic  as  a  measure 
of  NDE  system  effectiveness. 


Fig.  3.  The  closer  the  operating  characteristic 
curve  Is  to  the  ar.es,  the  better  the  performance. 
From  Fig.  3,  for  example.  It  Is  seen  that  tech¬ 
nique  A  Is  superior  to  techniques  B  and  C. 


REVIEW  OF  APPLICATIONS 


e1  -  /  dy  H[P(o|y)  -  A]  P(y | 1)  .  (7) 

In  (5)  and  (7)  the  integrations  span  the  entire  n- 
dimensional  measurement  vector  space.  In  the  case 
of  a  single  scalar  measurement  variable  the  nature 
of  the  calculations  of  eo  and  ei  are  Illustrated 
In  Fig.  2.  Most  of  the  probabilistic  quantities 
of  Interest  to  the  user  of  an  NDE  system  can  be 
derived  from  eo ,  e; ,  and  P(u). 


POINT 

Fig.  2  Calculation  of  false- accept  (eo)  and 
false-reject  (ei)  probabilities. 

Eqs.  (5  and  (7)  give  eo  and  ei  as  ^unctions  of 
the  threshold  \  and  thus  they  provide  a  parametric 
representation  of  a  curve  In  (eo,  ei)-space.  This 
curve  Is  called  the  NDE  operating  characteristic. 
The  curve  Is  Independent  of  the  loss  function 
(actually,  It  represents  the  locus  of  points 
representing  all  possible  loss  functions)  and  the 
a  priori  failure  probability.  Thus  this  curve 
characterizes  the  performance  of  the  NDE  system  In 
a  manner  that  is  independent  of  external  consider¬ 
ations.  The  nature  of  eo  and  ex  Is  Illustrated  In 


In  this  section  we  review  previous  results  In 
the  application  of  probabilistic  failure  predic¬ 
tion  based  on  the  single  dominant  defect  approxi¬ 
mation.  In  a  later  section,  the  mapy-defect  case 
will  be  discussed.  Here,  we  consider  two  failure 
mechanisms  in  ceramics:  one  Involving  voids  with 
peripheral  microcracks  and  the  other  Involving 
subcrltlcal  Inclusions.  In  the  Interest  of  brev¬ 
ity  we  have  emitted  as  many  details  as  possible; 
these  are  discussed  In  an  earlier  paper  by 
Richardson,  Fertlg  and  Evans.2  These  examples  are 
discussed  In  the  following  two  subsections.  Un¬ 
fortunately,  neither  real  failure  data  nor  real  ND 
measurement  data  were  available  for  either  example 
and  consequently  synthetic  theoretical  data  were 
used  throughout.  Various  kinds  of  statistical 
outputs  were  computed,  but  the  greatest  emphasis 
was  placed  upon  the  so-called  NDE  operating 
characteristics. 

Failure  Due  to  a  Void  with  Peripheral  Mlcrocracks- 
It  Is  known  that  voids,  which  are  almost  always 
present  In  ceramics,  are  frequent  sites  for  the 
initiation  of  crack  growth,  and  hence  lead  to 
catastrophic  failure  under  sufficiently  large  ap¬ 
plied  stresses.  An  adequate  model  of  this  process 
involves  a  random  set  of  microcracks  on  the  peri¬ 
phery  of  the  void.  Each  crack  has  a  certain  prob¬ 
ability  of  propagating  to  failure  depending  upon 
the  stress  distribution  that  would  exist  In  the 
neighborhood  of  the  crack  If  the  crack  were  not 
there.  We  present  a  treatment  of  the  perhaps  over 
simplified  case  In  which  It  is  assumed  that  the 
probability  of  propagating  to  failure  depends  only 
on  the  stress  at  the  void  surface  and  that  the 
void  is  approximately  spherical. 

Three  Independent  models  are  Involved  in  the 
assembly  of  a  decision  framework;  the  estimate  of 
the  pertinent  defect  dimensions  from  the  Inspec¬ 
tion  measurement  y  given  the  defect  state  x;  the 
probability  of  performance  c  at  a  specified  ap- 
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plied  stress  level  o“  given  the  defect  state  x; 
and  the  a  priori  proSablllty  density  of  the  state 
x  of  the  dominant  defect.  Each  of  these  models  Is 
examined  separately  and  then  combined  to  provide 
the  optimal  accept/reject  decision  rule  and  asso¬ 
ciated  decision  performance  measures. 

The  relevant  conditional  probability  density 
P(y|x)  Is  Implied  by  the  stochastic  measurement 
process 

y  =  na3  +  r  (8) 

where  y  is  a  possible  measured  value  of  A(to)/w2, 
l.e.,  the  scattering  amplitude  for  longitudinal  - 
to-longltudlnal  backscatter  divided  by  the  square 
of  the  frequency  ui,  evaluated  at  a  sufficiently 
small  value  of  w.  The  quantity  na3  Is  the  theo¬ 
retical  value  of  the  above  quantity  vrtien  the  state 
x  =  a  (the  void  radius)  Is  assumed  to  be  known. 

The  coefficient  n  depends  only  on  the  known  prop¬ 
erties  of  the  host  material.  The  additive  tern  r 
represents  measurement  error  and  is  assumed  to  be 
a  Gaussian  random  variable  with  zero  mean  and 
variance  Cr. 

We  turn  to  the  calculation  of  P(c|x),  the 
probability  of  the  performance  c,  given  the  state 
x  (*a)  of  the  significant  defect.  In  the  present 
model  it  is  assumed,  as  we  have  stated,  that  the 
only  type  of  defect  that  is  significant  In  the 
context  of  structural  failure  is  a  spherical 
void.  As  illustrated  In  Fig.  4  this  void  has 
randomly  positioned  cracks  distributed  at  its 
surface.  With  a  specified  applied  stress,  each 
crack  has  the  potential  of  propagating  Into  a 
large  crack,  subsequently  causing  structural 
failure.  The  probability  of  thls^happenlng  is  a 
function  of  the  local  stress  a  (r)  in  the  neigh¬ 
borhood  of  the  crack  (l.e.,  thSft  would  exist 
at  r  If  the  crack  were  absent).  The  cracks  are. 

In  this  Instance,  considered  to  be  much  smaller 
than  the  void  diameter,  so  that  the  effects  of 
stress  gradients  into  the  host  can  be  neglected. 
The  modifications  that  pertain  when  this  condition 
Is  not  satisfied  has  been  discussed  by  Evans, 
Biswas,  and  Fulrath.3 
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Fig.  4  Void  with  peripheral  microcracks. 


Based  upon  this  model  the  probability  of 
survival,  given  that  the  state  x  ■=  a  is  specified, 
Is 

P(l|x)  s  P(l|a)  =>  1  -  P (0 i a ) 

-  exp  (-4nns  a1-  <Q>A)  (9) 

where  ns  Is  the  average  surface  density  of  cracks 
on  the^surface  of  the  spherical  void  and  Q  * 

Q(o  (r))+1s  the  probability  that  a  crack  at  the 
posuion  r  on  the  surface  will  propagate  to  fail¬ 
ure.  The  symbol  <Q>,  denotes  the  area  average  of 
Q  over  the  surface  of  the  void. 

Studies  of  defect  densities  In  ceramics  Indi¬ 
cate  that  the  large  value  extreme,  of  Interest  to 
fracture  problems,  can  frequently  be  characterized 
by  the  cumulative  distribution 

F(a)  s  /  P(a)da  =  1-exp  -  (a/a0)^  .  (10) 

o 

where  a0  Is  a  critical  radius. 

Here  we  combine  the  last  three  equations  to 
yield  P(y,c)  from  which  we  deduce  P(y|c)  and  the 
classification  errors  eo  and  e^. 

It  Is  desirable  to  introduce  the  dimensionless 
variables  z  =  y/Cr1'2,  t  *  «/a°.  and  an  additional 
dimensionless  parameter  x  =  n(a0)3/Cr''2,  which  is 
a  slgnal-to-nolse  ratio  characterizing  the  obser¬ 
vation  of  elastic  waves  scattered  from  a  spherical 
void  of  radius  a0.  Another  useful  quantity  is  the 
dimensionless  failure  parameter 

t  =  Axns(a0)2  sQ>a  (11) 

whose  significance  Is  given  by  P(l|x)  =  P(l|x)  - 
exp  (-c)  when  a  =  a0  (l.e.,  the  void  has  the 
critical  radius  defined  by  (10)).  We  actually 
compute  P(z|c)  Instead  of  P(y|c)  with  a  scale 
factor  Introduced  into  the  normalization. 

In  Fig.  5  we  present  plots  of  P(x|0)  and 
P(z|l),  vs  z  for  k  *  3,  x  ■  10  and  c  *  0,01. 

These  figures  show  the  structure  of  the  c  «  0 
class  (l.e.,  the  normalized  population  of  objects 
that  are  going  to  fall)  and  c  «  1  class  (l.e.,  the 
normalized  complementary  population  of  objects 
that  are  going  to  survive).  Moreover,  they  show 
the  nature  of  the  overlap  of  the  two  classes. 

In  Fig.  6  we  also  given  a  plot  of  ej  vs  ep  for 
the  same  parameter  values.  This  Is  the  so-called 
"operating  characteristic"  of  the  system.  It  Is 
to  be  emphasized  again  that  eo  Is  the  falsely 
accepted  fraction  of  objects  that  are  actually 
going  to  fall.  Conversely,  ei  Is  the  falsely 
rejected  fraction  of  objects  that  are  actually 
going  to  survive. 

The  above  results  Indicate  a  rather  poor  NDE 
performance  due,  of  course,  to  an  excessive 
overlap  of  surviving  and  falling  populations. 

This  overlap  Is  due  almost  entirely  to  Inherent 
randomness  In  the  failure  process  remaining  even 
when  the  state  x  =■  a  is  known  with  precision. 
However,  one  must  measure  the  width  of  the  overlap 
region  relative  to  the  width  of  the  combined 
populations  a  situation  that  is  improved  by  the 
Introduction  of  stress  gradient  effects. 
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Fig.  5  Falling  and  surviving  population. 


Fig.  7  Subcritical  inclusion  geometry. 


(12) 


where  9  is  the  azimuthal  angle  (in  the  xy  plane) 
of  the  |ymnetry  axis  defined  by  the  unit 
vector  w  and  where  yz  is  the  direction  cojine 
of  w  relative  to  the  z-axis.  The  vector  w  can  be 
expressed  in  terms  of  e  and  yz  as  follows 


(1  -  vf) 


1/2 


(ex  cos  o  +  sin  e)  +  yz?z  (13) 


where  e  ,  e  and  e  are  the  unit  vectors  in  the 
CartesiSn  coordinate  directions.  As  shown  In 
Fig.  7  a  =  b  is  the  common  length  of  the  two  major 
semi-axes  and  c  is  the  length  of  the  minor  semi¬ 
axis. 


The  measurements  are  assumed  to  consist  of  an 
arbitrary  number  of  low-frequency  longitudlnal-to- 
longitudinal  backscatter  processes.  These  are 
collectively  represented  by  a  standard  stochastic 
model  of  the  generic 

y  =  f ( x)  +  r  (14) 


Fig.  6  NL)E  operating  characteristic. 

Failure  By  to  Subcritical  Inclusion  Fracture  -The 
geometrical  nature  of  the  model  of  the  defect  and 
its  observation  by  elastic  wave  scattering  is  de¬ 
picted  in  Fig  7.  We  assume  a  semi-infinite  speci¬ 
men  with  known  host  material.  With  the  Cartesian 
coordinate  system  partially  shown,  the  boundary  of 
the  specimen  Is  parallel  to  the  xy-plane  and  the 
outward  pointing  normal  lies  in  the  positive  z- 
direction.  We  assume  that  the  defect  is  an  ellip¬ 
soidal  Inclusion  (although  the  subsequent  analysis 
is  limited  for  the  sake  of  brevity  to  the  oblate 
spheroidal  case)  with  a  known  Included  material. 
We  explicitly  show  a  pulse-echo  (i.e.,  back¬ 
scatter)  measurement  with  the  Incident  wave 
pointed  in  the  negative  z-direction.  However, 
additloal  transducer  configurations  will  be 
considered  later. 

If  the  inclusion  boundary  is  assumed  to  be  an 
oblate  spheroid  then  the  state  vector  x  need  only 
be  the  4-dimensonal  representation  of  the  geometry 
since  the  Included  material  is  assumed  known.  We 
will  use  of  the  4-dimensional  state  vector  given 
by 


where  y,  f(x)  and  r  are  n-dimensional  vectors  (but 
considerable  attention  will  be  devoted  to  the  case 
n  *  1).  In  the  exact  theoretical  measurement  f(x) 
the  1th  component  is  given  by 

fi(x)  =  A2>L+L(e.,  -e^  x)  (15) 

where  it  is  assumed  that  e*  =  -el  *  e.  . 

The  conditional  probability  density  P (y | x)  can 
be  expressed  in  the  form 

P(y|x)  =  G(y  -  f(x),  Cr)  (16) 

where  G ( - ,  •)  is  the  n-dimensional  Gaussian 
probability  density  given  by 

G(u,C)  =  (2n)"n/^(Det  C)'1/2exp(-  ^iTC_1u)  (17) 


It  is  assumed  that  an  uniaxial  stress  o„  is 
applied  in  the  x-direction.  We  make  the  rather 
crude  assumption  that  at  a  certain  value  of  <j„ 
this  crack  forms,  as  represented  by  the  dashed 
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line  AA  in  Fig.  7,  a  plane  Intersecting  the  geo¬ 
metrical  center  of  the  spheroid  and  having  an 
orientation  perpendicular  to  the  axis  of  the  ap¬ 
plied  stress,  l.e.,  the  x  axis.  At  a  sufficiently 
higher  value  of  the  applied  stress  the  crack  will 
propagate  from  the  lower  toughness  Inclusion 
{l.e..  Si)  Into  the  higher  toughness  host  material 
(l.e.,  Si2Nv).  We  assume  that  the  condition  for 
this  event  can  be  adequately  represented  by  an 
empirically  recalibrated  version  of  simple  frac¬ 
ture  mechanics  with  a  Gaussian  random  additive 
variable  representing  Inherent  variability  In  the 
fracture  process. 


where  G(*,  •)  Is  the  Gaussian  function  defined  by 
(17)  which  In  the  present  case  Is  specialized  to 
the  case  of  scalar  variables,  l.e., 

G(u,C)  -  (2»C}'1/2  exp(-  C'V)  .  (17a) 


We  then  obtain 


P(c  -  o | x)  -  /  dopP(op| x)  (26) 


In  explicit  mathematical  terms  we  assume  that 
the  performance  variable  c  Is  given  by 

c  ■  H(af  -  a„)  (18) 

where  H(.)  Is  the  Heaviside  unit  step  funtlon,  ow 
is  the  applied  stress,  and  op  Is  the  failure 
stress.  The  latter  quantity  is  a  random  variable 
given  by  the  random  process 


The  a  priori  prohabiity  density  P(x) ,  Is  more 
complicated  because  the  state  vector  x  is  how  4- 
dimenslonal  In  order  to  characterize  fully  the 
spheroidal  geometry.  We  assume  that  the  semi-axis 
lengths  are  statistically  independent  of  the  angu¬ 
lar  variables.  Furthermore  we  assume  that  the 
latter  are  distributed  with  axial  symnetry  about 
the  z-axis.  The  detailed  analytical  representa¬ 
tion  of  these  assumptions  is  given  In  Ref.  (2). 


op  =  a+  pop  +  s  (19) 

where  a.,  is  the  failure  stress  predicted  according 
to  simple  fracture  mechanics,  o  and  p  are  empiri¬ 
cal  recalibration  constants,  and  s  is  a  Gausian 
random  variable  with  zero  mean  and  variance  Cs. 

The  application  of  simple  fracture  mechanics 
(l.e.,  the  computation  of  yield  Stress  under  the 
assumption  that  the  ellipsoidal  crack  Is  sur¬ 
rounded  solely  by  the  host  material)  gives 


'1C 


Z(e 1 /a  1 )7nc‘ 


(20) 


where  KJC  is  the  fracture  toughness,  a'  and  c'  are 
the  major  and  minor  semi -axis  lengths  of  the  fully 
developed  internal  crack,  and  Z(*)  is  a  function 
defined  by 


Z(u)  =  /'/2d*(l-(l-  u2)  sin?>)1/2  1  .  (21) 

o 

As  stated  earlier,  we  assume  that  the  fully 
developed  internal  crack  is  represented  by  the 
cross-section  formed  by  a  plane,  perpendicular  to 
the  x  axis,  passing  through  the  center  of  the 
spheroid.  A  straight  forward  geometrical  analysis 
yields  the  result 

a'  *  a  (22) 

c'  -  (a'2  +  (c-2  -  a"2)w2f1/2  (23) 

where  w,  is  the  length  of  the  projection  of  w  (the 
unit  vector  defining  the  axis  of  symmetry  of  the 
spheroid)  onto  the  crack  plane.  We  obtain 

w2  *  1  -  (1-  y2)  cos2e  .  (24) 

Eqs.  (16)  -  (24)  thus  give 
state  vector  x  defined  by 

We  turn  finally  to  the  calculation  of  P(cjx). 
First  we  observe  that,  according  to  the  stochastic 
model  (19),  the  conditional  probability  density  of 
op  is  given  by 

P(uf|x)  =  G(o^.  -  a  -  B<Jp(x),  Cs)  (25) 


on  as  a  function  of  the 
(1?). 


In  the  numerical  computations  we  have  used  a 
Monte  Carlo  technique  in  vdiich  quantities  of  the 
type  Jdx(-)  P(x)  are  replaced  by 


!()/}.  1  (2?) 

XeJ  X£C 

where  the  samples  of  the  state  vector  in  the  set  E 
have  been  drawn  at  randan  In  accordance  with  the 
probability  density  P(x). 

In  all  computations  we  will  uniformly  use  the 
following  assumptions  and  parameter  values  given 
in  Ref.  (2). 

In  the  following  paragraphs  we  present  numeri¬ 
cal  results  for  three  case*  to  illustrate  the 
separate  effects  of  randomness  and  completeness  in 
the  measurement  process  and  randomness  in  the 
failure  process. 

Case  1  -  One  Measurement  -  Random  Measurement  and 
Failure  Process  -  In  this  case  we  consider  a  sin- 
gle  ND  measurement  i.e.,  a  pulse-echo,  longitudi- 
nal-to-longltudinal  scattering  of  elastic  waves 
with  the  incident  propagation  in  the  negative  z- 
direction.  Here  we  assume  randomness  1r  both  the 
measurement  and  failure  processes.  The  particular 
values  for  the  statistical  parameters  are  given  in 
Ref.  (2). 

In  Fig.  8  we  show  the  computed  curves  of 
P(y|c)  representing  the  falling  and  surviving 
populations.  It  is  clear  that  the  severe  overlap 
will  yield  a  rather  poor  NDE  performance  as  indi¬ 
cated  by  the  plot  of  fal se-rejection  probability 
ei  vs  false  acceptance  probability  e0  shows  in 
Fig.  9. 

Case  2  -  One  Measurement  -  Deterministic  Measure¬ 
ment  and  Failure  Processes  -'Here  we  consider 
again  a  single  measurement  of  the  same  kind  as  in 
the  last  case.  However,  for  the  sake  of  under¬ 
standing  we  eliminate  the  randomness  from  the  mea¬ 
surement  and  failure  processes  by  setting  the  var¬ 
iances  C  «  C  =  0.  The  resultant  NDE  performance 
(hypothetical)  is  given  by  the  ej  vs  e0  plots  in 
Fig.  10.  Although  there  is  a  marked  improvement 
in  the  performance,  i.e.,  the  curve  has  moved 
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Fig.  9  NDE  operating  characteristic  -  one  mea 
surement  with  random  measurement  and 
failure  process. 
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Fig.  10  NOE  operating  characteristic  -  one  mea¬ 
surement  with  deterministic  measurement 
and  failure  processes. 


closer  to  the  horizontal  and  vertical  axes,  the 
performance  Is  of  debatable  merit.  This  is  due  to 
the  serious  incompleteness  of  the  measurement  set. 
Incidentally,  the  lack  of  smoothness  of  the  curve 
Is  due  to  the  relatively  small  fraction  of  Monte 
Carlo  samples  that  actually  affect  the  final 
answer. 

Case  3  -  Complete  Measurement  Set  -  Deterministic 
Measurement  Process  but  a  Random  Failure  Process 
-In  this  case  we  assume  a  sufficient  diversity  of 
very  accurate  measurements  that  the  measurement 
vector  y  Implies  a  unique  estimate  of  x,  namely 
x(y),  with  a  negligible  a  posteriori  variance 
(more  precisely,  a  covarTance  matrTx  Cov(x|y) 
whose  eigenvalues  are  sufficiently  small  In  an 
appropriate  tense).  However,  we  assume  the  same 
randomness  in  the  failure  process  as  In  Case  1. 

The  resultant  plot  of  ej  vs  e?,  the  NDE  operating 
characteristic.  Is  presented  In  Fig.  11.  This 
highly  satisfactory  result  demonstrates  clearly 
that  randomness  in  the  present  failure  process 
(failure  Initiated  In  subcrltlcal  Inclusions)  Is 
not  a  significant  contributor  to  tlie  degradation 
of  NDE  performance. 
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Fig.  11  NDE  operating  characteristic  -  complete 
measurement  set. 

PROBABILISTIC  FAILURE  PREDICTION  IN 
MANY-DEFECT  SYSTEMS 

In  the  last  section  on  the  analysis  of 
accept/reject  decisions  and  the  determination  of 
unconditional  and  conditional  probabilities  of 
failure,  we  explicitly  considered  a  single  domi¬ 
nant  defect  under  the  assumption  that.  If  there 
are  others,  they  are  Insignificant  contributors  to 
failure.  In  the  present  section  we  consider  ex¬ 
plicitly  all  of  the  defects  that  may  occur.  To  be 
more  precise,  we  consider  models  of  measurement 
and  failure  that  entail  a  random  number  of  de¬ 
fects.  It  Is  expected  that  the  present  treatment 
will  clarify  certain  obscurities  in  the  use  of  the 
dominant  defect  approximation.  Some  of  these  are: 

(a)  The  contribution  to  failure  probability  by 
non-dominant  defects. 

(b)  The  contribution  to  failure  probability  by 
unobservable  defects. 
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(c)  The  approximate  nature  of  the  extreme  value 
constraint  In  the  a  priori 

(d)  The  clarification  of  the  distinction  between 
detection  probability  and  the  a  posterior 
variance  of  the  defect  characteristics  given 
that  It  has  been  detected. 

It  Is  expedient  to  consider  first  the  case  with  a 
random  number  of  defects  of  a  single  type.  Later, 
the  formal  1  sm  wi  1 1  be  extended  to  the  case 
Involving  many  types. 


In  the  above  expressions  the  symbol  \  denotes 

the  summation  on  all  modes  of  occupancj  of  the 
cells  D, ,  l.e.,  all  combinations  of  the  values 
n,  -  0,1  for  1  »  l,...,p.  The  Interpretations  of 
the  probabilities  P(y|{n. (),  P(c|(n,1)  and 
P ( 1 n - J )  are  self-evident.  However,  nere  It  Is 
appropriate  to  emphasize  that  the  j_gr1or1_  proba¬ 
bility  P((n,})  does  not  contain  any  extreme  value 
(l.e.,  most 'significant)  constraint  as  was  the 
case  with  P(x). 


The  Occupation  Number  Representation  -  It  Is  clear 
that,  In  order  to  represent  the  state  of  a  system 
containing  an  arbitrary,  random  number  of  defects, 
the  single-defect  formalism  must  be  suitably  exten¬ 
ded.  The  simplest  way  to  do  this  Is  to  divide  the 
single-defect  state  space  Into  small  cells  and  thus 
represent  the  state  of  many  defects  by  the  occupa¬ 
tion  numbers  of  the  cells.  To  be  more  explicit, 
let  the  domain  of  definition  b  of  the  single¬ 
defect  state  space  x  be  divided  into  a  set  of  sub- 
domains  or  cells  D, ,  i»l . .  vrtiere,  of  course, 

[  0,-0  .  (28) 
i«l  ' 

Let  the  centroid  (or  any  characteristic  position) 
of  D,  be  x,  and  let  its  m-dlmenslonal  volume  be 
denoted  by  6x,.  We  will  denote  the  number  of  de¬ 
fects  In  D,  by  the  occupation  number  n,.  To  be 
useful,  each  «x,  must  be  sr  small  that  the  proba¬ 
bility  that  n,  >  1  Is  negligible.  The  state  of 
the  many-defect  system  Is  now  given  by  the  set  of 
occupation  numbers 

|  n, }  =  (n  j . np)  •  (29 ) 

If  only  one  defect  Is  present  and  has  a  state  in 
0, ,  then 

In.}  »  (o,...,nj  «  1,. .  (30) 

The  representation  of  higher  numbers  of  defects  is 
obvious. 

It  Is  worth  noting  that  in  the  above  occupa¬ 
tion  number  representation  of  the  state  of  a  many- 
defect  system,  there  Is  r.o  need  for  an  arbitrary 
set  of  labels  for  the  defeats  (e.  g.,  defect  #1, 
defect  #2,  etc.).  Furthermore,  there  Is  no  need 
for  a  state  vector  of  variable  length  as  would  be 
obtained  if  we  represented  the  state  of  many  de¬ 
fects  by  the  concatenation  of  the  states  of  Indi¬ 
vidual  defects. 

Using  the  aboya  occupation  number  representa¬ 
tion,  (1)  and  (2'  for  the  me-defect  case  are  now 
replaced  by  the  following  expressions  for  the 
many-defect  case: 

P(c|y)  «  P(y.c)/P(y)  (31) 

P(y,c)  «  }.  P(y|{n,})  P(c|(n,})  P({nj})  (32) 

lnj} 

P(y)  *  l  P(y|{n,})  P((n,})  (33) 

("ii 


In  analogy  with  (3),  the  state  of  the  many- 
defect  system  In  the  occupation  number  representa 
Hon  must  satisfy  the  relation 


P(y.c||n.})  -  P(y| |n, ')  Pfcl)^}).  (31 

Special  Forms  of  the  Various  Probabilities  -  In 
this  and  following  sections,  we  consider  special 
forms  of  P()n,})  ,  P(c||n,})  and  P(y| I  i,})  vrtien 
certain  statistical  independence  assumptions  are 
introduced. 


Under  the  assumption  that  the  modes  of  occu¬ 
pancy  of  different  cells  are  statistically  Inde¬ 
pendent  a  priori .  we  can  write 


P(|",}) 


P 

n  P  (n,) 
1-1  1  1 


(3b) 


Since  n,  takes  only  the  two  values  0  and  1,  It 
follows  that 


Pi (n,)  »  (1-n,)  (1  -  P, (1 ))  +  ni  P,(l)  (36a) 

The  a  priori  average  value  of  n,  Is  then 


En,  -  l  n,[(l  -  n,)  P,(o)  +  n,  P.(l)] 
n1 

=  ).  n  P.(l)  ■=  P  (1)  (37) 

n1 

Denoting  the  a  priori  average  density  of  defects 
by  p(x),  we  can  write 

En1  “  pl(D  "  p(x1)«x1  (38) 

If  the  variation  of  p(x)  over  the  domain  D,  is 
sufficiently  small.  We  now  obtain 

P(|n,})  -  n  [1-n.j  +  (2n,  -  1)  pfx^Sx,]  (39) 

We  now  consider  the  a  priori  distribution  of 
the  total  number  of  defects  in  an  arbitrary  ex¬ 
tended  region  of  the  single-defect  state  space  x. 
Let  this  region  be  denoted  by  R  and  let  S  be  the 
set  of  Integers  1  for  which  D,  Is  contained  in  R, 
l.e., 

I  0,  -  R  .  (40) 

IeS  1 

Thu  total  number  of  defects  In  R  Is  then 


It  Is  also  of  Interest  to  consider  the  uncondi¬ 
tional  probability  of  performance  c,  namely 


P(c)  -  l  P(c|(n,})  P|n,})  (34) 

{",1 


NR  “  l  n1  .  (11) 

1  eS 

Using  conventional  arguments  we  obtain  the  result 
that  Nr  Is  Poisson-distributed,  l.e. 


where 


(50) 


N„ 

P(N R)  =  exp(-a)  a  K/(MR)l  (42) 


a  =  ENr  -  r  dx  p  (x)  .  (43) 


This  is  a  direct  consequence  of  the  assumption 
that  the  modes  of  occupancy  of  different  cells  are 
statistically  independent.  This  is  an  acceptable 
assumption  for  the  a  priori  statistics  of  defects 
but  in  the  case  of  _a  posteriori  statistics  (i.e., 
conditioned  on  NO  measurements)  its  validity  may 
sometimes  be  debatable. 

Another  topic  of  interest  is  the  relation 
between  P(x)  and  P ( { Oj) )  if  P(x)  represents  the 
probability  density  of  the  most  significant  defect 
in  a  set  of  defects.  Let  the  significance  of  a 
defect  with  state  x  be  measured  by  some  function 
s(x)  which  may  bo  the  volume  of  the  defect,  its 
probability  of  causing  failure,  or  some  related 
property.  In  the  limit  of  infinitesimal  cells,  we 
obtain 

P(x)  =  Ap^x)  expt-  /  dx'p(x')]  (44) 

s(x' )  >  s(x) 

The  normalization  factor  A  is  given  by 

A  =  Cl  -  exp('EN)]-1  ,  (45) 


a  quantity  that  differs  negligibly  from  unity  if 
the  average  number  EN  of  defects  is  large. 

In  the  case  of  spherical  voids  with  peripheral 
microcracks  in  a  uniform  applied  stress,  the 
single-oefect  state  vector  x  reduces  to  a  single 
scalar  quantity,  i.e.,  the  sphere  radius  a.  If  we 
assume  that  a  is  also  the  measure  of  significance, 
i.e.,  s(x)  +  s(a)  =  a,  then  we  obtain 

P(a)  =  [l-exp(-EN)]'1  ^  exp[-$(a)],  (46) 

where 

♦(a)  “  /“  da'  p(a')  ,  (47) 

and 

F (a)  =  [l-exp(-EN)]'1  (expC-f(a)]  -exp(-EN)}  (48) 


The  Failure  Probability  -  In  this  section  we  turn 
to  the  consideration  of  the  performance  probabil¬ 
ity  P (c 1 1 n . } )  and  also  the  unconditional  proba¬ 
bility  P(c).  We  will  assume  that  the  probability 
of  failure  P(c=0|x)  due  to  a  single  defect  with 
state  x  is  given.  In  proceeding  to  the  multiple 
defect  case,  we  will  further  assume  in  this  case 
that  each  defect  behaves  Independently  in  the 
failure  process  and  that  survival  is  tantamount  to 
no  defect  causing  failure. 

These  assumptions  imply  that 

P(c=l Un-j })  =  n  P(Ci  =  i|ni)  (49) 

where  it  is  assumed  that  each  factor  P(c=ljn^)  is 
the  probability  that  the  cell  with  defects 
(n.j=0  or  1)  does  not  cause  failure.  We  assume 
that  p (ci  =1 1 ni )  Is  defined  by  the  relations 


P(Ci  =  l|n,«  0)  =  I 

P(cf  -  lln^-  1)  -  P(ct-  l|x1)  (51) 

where  P ( c^  =  1 1 x.j )  is  the  probability  that  a 
single  flaw  with  state  x^  does  not  cause 
failure.  Thus  we  can  write 

P(Ci  -l|n1)  *  1  -  P(c.  =  0|x.)  n.  (52) 

and 

P(c  =  l|(n.|)  =  IX  Cl  -  P(ci  =  0|x.)  n.]  .  (53) 

It  is  understood  that  P( c=0 | )  depends  implicitly 
upon  the  stress  environment  (random  or  determinis¬ 
tic)  associated  with  the  single-  feet  state  Xj. 

It  is  easy  to  verify  that  (53)  is  onsi stent  with 
the  assumptions  stated  at  the  beginning  of  this 
section. 

The  calculation  of  the  a  priori  survival 
probability  involves  the  consideration  of 


P(c=l)  =  y  P (c=l |{ n . } )  P({n,})  .  (54) 

{",•} 

from  which  we  obtain 
P(c  =  1)  =  n  Cl  -  Pfc^  0|Xi)  p(x.)«x.] 

+  expt-'J  dx  p(x)  P(c  =  0 1 x)3  (55) 

in  the  limit  of  infinitesimal  cells.  It  is  to  be 
understood  the  P(c  =  0|x)  is  the  probability  that 
a  single  flaw  with  state  x  causes  failure. 

Conditioning  on  ND  Measurements  -  The  problem  of 
conditioning  on  nondestructive  measurements  in  the 
case  of  many-defects  systems  Involves  some  non¬ 
trivial  difficulties.  Considerable  progress  has 
been  made  in  dealing  with  some  of  these  diffi¬ 
culties  using  some  approaches  that  conmonly  used 
in  statistical  mechanics.  The  full  discussion  of 
these  results  will  take  up  far  more  space  than  is 
available  here  and  therefore  this  discussion  will 
be  relegateo  to  a  future  communication.  Here  we 
will  describe  a  rather  crude  approximation  that, 
besides  being  easy  to  describe,  has  the  additional 
advantage  of  ready  compatibility  with  the  previous 
work  on  post-detection  processing  algorithms. 

Let  the  total  domain  D  of  x-space  contain  a 
set  or  regions  Rj,  j  =  1,  ...»  J  In  which  zero  or 
one  defect  is  detected  by  ND  measurements  with  an 
acceptable  degree  of  assurance.  After  subtracting 
the  Rj's  from  D,  one  obtains  a  nonzero  domain  cor¬ 
responding  to  unobservable  defects  (i.e.,  those 
that  are  too  small  to  be  detectable).  Let  the 
vector  yj  be  the  measurement  vector  associated 
with  region  Rj.  Also,  let  N*  be  the  number  (0  or 
1)  of  defects'^ observed  In  Rj.  If  N«  ■  1  (i.e., 
one  defect  is  observed  in  R.)  the  remaining 
aspects  of  this  ND  measurement  are  represented  by 
the  probability  density  P(x|yj),  x  e  R j ,  where  the 
normalization  condition  holds. 

/  dx  P(x|y.)  =  1  .  (56) 

"j 
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If  Nj  ■  0  (i.e.,  no  defects  are  observed  in  Rj) 
thenJno  meaningful  probability  density  exists. 

The  function  P (x |y j ;  is  closely  analogous  to  the 
function  P(x|y)  Introduced  In  the  earlier  treat¬ 
ment  Involving  the  dominant-defect  approxima¬ 
tion.  However,  there  is  an  important  difference 
here;  namely,  P(x(y,)  Is  the  conditional 
probability  densityJof  the  only  defect  in  R,  which 
P(x|y)  is  the  conditional  probability  density  of 
the  dominant  defect  in  D. 

In  the  case  in  v*iich  the  conditional 
probability  of  failure  Is  very  small  (or  at  least 
the  probability  of  failure  due  to  each  observed 
defect  is  very  small)  we  can  write  the  conditional 
probability  of  survival  of  the  entire  many-defect 
system  In  the  form 

p(c  «  1 1 (y j } )  =  exp(-Jdx  p ( x | {y j } )  P(c  =  0|x)) 

(57) 

where  t  ,e  conditional  mean  density  Is  given  by 

Pvx|{y.})  -  p(x),  x*  R  j ,  j  ®  !>•••*  d  > 

“  P(x |yj ) ,  xe  Rj,  Nj  =  1 
=  0  ,  xe  R.,  N.  =  0  .  (58) 

J  J 

It  is  worthy  of  note  that  conditional  mean  density 
is  equal  to  the  conditional  probability  density  In 
the  regions  containing  one  (and  only  one)  defect. 

Extensions  -  In  this  subsection  we  discuss  certain 
extensions  that  could  be  made  in  the  formalism  in 
order  to  circumvent  the  limitations  of  the  simpli¬ 
fying  assumptions  used  up  until  now. 

The  first  of  these  assumptions  Involves  the 
limitation  to  a  single  defect  type.  Here  the 
collective  state  of  an  arbitrary  number  of  such 
defects  is  given  by  the  occupation  numbers  as¬ 
sociated  with  cells  in  the  single  defect  state 
space  x.  If  all  types  of  defects  are  described 
(aside  from  the  type  label)  in  the  same  state 
space  x,  then  the  extension  of  the  previous 
formalism  to  the  case  of  many  defect  types  is 
accomplished  in  a  very  simple  manner.  One  merely 
makes  the  substitution 


where  y  is  a  discrete- valued  variable  labelling 
the  defect  types.  In  the  case  of  Integrations  on 
x,  one  makes  the  corresponding  substitution 

/  dx  (.)  ♦  l  J  dx  (.)  (60) 

y 

Clearly  the  occupation  number  n^  associated  with 
cell  Dj  in  x-space  must  also  be  subject  to  the 
substitution 

n1  +  ny1  .  (61) 

The  other  modifications  are  obvious. 

However,  in  most  cases  It  is  not  appropriate 
to  use  the  same  x-space  for  all  defect  types.  It 


Is  usually  necessary  to  use  a  distinct  version  of 
x-space  for  each  type.  For  example.  In  the  case 
of  a  surface-opening  crack  it  is  appropriate  to 
choose  x  to  be  a  5-dimensional  vector  whose  compo¬ 
nents  consist  of  two  surface  coordinates  defining 
position,  an  angle  variable  giving  orientation, 
and  two  lengths  defining  the  length  and  depth  of 
the  crack.  But  in  the  case  of  an  ellipsoidal 
inclusion  (of  given  material)  in  the  bulk,  it  Is 
appropriate  to  choose  x  to  be  a  9-dlmenslonal 
vector  giving  the  position,  shape,  size,  and  ori¬ 
entation  of  the  ellipsoidal  boundary.  There  re¬ 
mains  an  important  question  concerning  the  ignor- 
ability  of  position  coordinates.  In  the  case  of  a 
uniform  applied  stress,  these  coordinates  can  be 
ignored  in  the  model  of  the  failure  process.  How¬ 
ever,  the  ignorabillty  in  the  model  of  the  mea¬ 
surement  process  requires  a  careful  analysis. 

In  any  case,  one  must  associate  with  each 
value  of  y  a  corresponding  vector  x  whose  dimen¬ 
sionality  and  selection  of  components  depend  on 
y.  Thus  the  substitutions  (59)  and  (60)  must  now 
be  replaced  by 


and 

/  dx  (.)  ♦  l  I  dx  (•)  .  (63) 

y  T 

It  is  useful  to  give  specific  examples  of  the 
extension  of  certain  mathematical  expressions 
derived  in  the  previous  sections.  With  the 
appropriate  substitutions,  (55)  is  changed  to 

P(c«l)  =  exp[-  I  J  dxY  p(y,xy)  P(c=0|y,xY)]  (64) 


similarly  (57)  is  changed  to 


P(c=l |y )  «  expt-  z  /  dx^  p(y,xY|y)  P(c=0| y^)] 

(65) 

The  remaining  modifications  are  straightforward. 


ACKNOWLEDGMENT 

This  research  was  sponsored  by  the  Center  for 
Advanced  NDE  operated  by  the  Rockwell  Inter¬ 
national  Science  Center  for  the  Defense  Advanced 
Research  Projects  Agency  and  the  Air  Force  Wright 
Aeronautical  Laboratories  under  Contract  No. 
F33615-80-C-5004. 


•  REFERENCES 

1.  Richardson,  J.M.  and  A.G.  Evans,  J.  Non- 
destruct.  Eval.  _1,  37,  11980). 

2.  Richardson,  J.M. ,  K.W.  Fertlg  and  A.G.  Evans, 
"Conditional  Probability  of  Failure  and  Accept/ 
Reject  Criteria,"  Proc.  of  the  DARPA/AF  Review 
of  Progress  in  QNDE,  1979  (ed.  by  0.0.  Thompson 
and  R.B.  Thompson),  July  1980,  pp  229-238. 

3.  Evans,  A.G.,  D.S.  Biswas,  and  R.M.  Fulrath,  J. 
Am.  Ceramic  Soc .  62 .  101,  (1979). 


127 


t 


/ 


... 


'•MSB#'- 
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ABSTRACT 

The  scanning  laser  acoustic  microscope  (SLAM)  is  applied  to  the  problem  of  nondestructive  testing 
of  ceramic  materials.  The  employment  of  a  very  high  resolution  ultrasonic  imaging  instrument  provides 
capabilities  which  supplement  ultrasonic  pulse-echo  testing.  In  addition,  by  means  of  showing  a  picture 
of  the  flaw,  the  SLAM  technique  provides  its  own  capabilities  which  alleviate  some  of  the  limitations 
of  other  techniques.  Flaws  of  various  types  are  documented  in  this  paper. 

INTRODUCTION 


A  desirable  performance  goal  for  an  ultra¬ 
sonic  inspection  method  is  to  be  able  to  confident¬ 
ly  and  rapidly  obtain  information  on  the  presence 
of  flaws,  on  their  size,  shape  and  location,  and 
in  the  case  of  an  inclusion,  an  identification  of 
the  foreign  material.  With  the  above  information 
and  an  a  priori  knowledge  of  what  constitutes  a 
critical  flaw,  a  decision  can  be  made  concerning 
accepting  or  rejecting  the  piece  being  inspected. 
With  regard  to  characterizing  small  flaws  (e.g.  in 
ceramic  materials)  there  are  obstacles  to  meeting 
the  above  goals  by  means  of  "conventional"  (pulse 
echo)  ultrasonic  testing  technique. 

In  the  "pulse-echo"  technique  the  "signal" 
from  the  flaw  depends  upon  many  factors,  for  ex¬ 
ample  the  flaw  characteristics  as  well  as  its  lo¬ 
cation  within  a  non-uniform  acoustic  field  pro¬ 
duced  by  the  inspection  transducer.  Since  the 
transducer  integrates  the  acoustic  signal  over  its 
entire  face,  a  composite  signal  is  generated  which 
depends  upon  the  flaw  size  relative  to  the  trans¬ 
ducer  area.  The  flaw  within  the  material  being 
tested  might  not  be  a  single-regular-shaped  entity 
such  as  an  idealized  spherical  inclusion  (which 
would  be  amenable  to  mathematical  analysis).  In 
fact  a  typical  flaw  may  be  an  irregularly  shaped 
inclusion  with  pores  or  microcracks  alongside.  The 
sample  surface  might  not  be  flat  as  well,  thus 
making  the  scanning  operation  difficult  in  search¬ 
ing  for  flaws. 

No  single  technique  can  alleviate  all  the 
above  problems,  however,  an  Imaging  approach  can 
serve  useful  functions  in  these  areas:  (1)  to  pro¬ 
vide  a  basis  for  interpreting  conventional  ultra¬ 
sonic  signals,  (2)  to  independently  provide  diag¬ 
nostic  information  on  flaws,  and  (3)  to  rapidly 
scan  large  areas  for  suspicious  structures.  Though 
an  imaging  system  generally  requires  more  sophis¬ 
ticated  equipment  compared  to  a  pulse-echo  type 
flaw  detector,  often  the  information  obtained 
(pictorial  image)  is  simpler  to  interpret. 

ACOUSTIC  MICROSCOPY 

With  all  imaging  techniques  the  acoustic 
field  is  probed  on  a  point-by-point  basis  instead 
of  being  integrated  into  a  composite  electrical 

*Portions  of  this  work  were  supported  by  the 
APFA/AFML  program  on  Quantitative  NDE  administered 
through  Rockwell  International  Science  Center, 
Thousand  Oaks,  California. 


signal.  The  scanning  can  be  a  slow  raster  gene¬ 
rated  by  a  mechanical  apparatus,  such  as  a  C-Bcan 
system  or  by  more  rapid  electronic  scanning  with 
full  grey  images.  If  the  images  are  produced 
rapidly  enough,  the  potential  exists  for  an  on-line 
quality  control  inspection. 

The  results  obtained  in  the  paper  were  ob¬ 
tain.  on  a  commercially  available  Scanning  LaBer 
Acoustic  Microscope  (SLAM)  operating  at  100  MHz. 
This  instrument,  by  virtue  of  the  high  frequencies 
employed  (viz  30-500  MHz)  make  it  capable  of 
achieving  very  high  resolution,  and  which,  by  its 
novel  scanning-laser-ultrasonic  detection  scheme 
make  it  capable  of  very  rapid  imagery  (30  images 
per  second,  typical).  The  principal  of  operation 
of  the  SLAM  is  described  in  the  literature  and 
will  not  be  discussed  here. 

The  lower  limit  on  detectable  flaw  size  is 
set  by  the  wavelength.  The  resolution,  i.e.  the 
smallest  defect  which  can  be  identified  in  terms 
of  lateral  dimensions  is  on  the  order  of  25  microns 
at  100  MHz,  which  is  half  an  acoustic  wavelength. 
However,  the  detectability,  i.e.  the  smallest 
defect  which  can  be  found  without  focusing,  is  an 
order  of  magnitude  better.  For  example,  delami¬ 
nations  that  have  openings  of  one  micron  or  less, 
have  been  detected  as  long  as  their  spatial  ex¬ 
tent  is  on  the  order  of  25  microns.  In  the  case 
of  micioporosity ,  materials  which  have  sub-reso¬ 
lution  porosity  can  be  differentiated  on  the  basis 
of  attenuation  characteristics  of  the  sample. 

There  are  two  typeB  of  acoustic  micrographs 
(images)  that  will  be  described.  The  first  is  a 
normal  amplitude  image  in  which  the  brightness  of 
the  CRT  screen  relates  to  corresponding  levels  of 
acoustic  energy  within  the  field.  The  second  type 
of  image  is  an  interf erogram  in  which  the  received 
acoustic  signal  is  electronically  mixed  with  a 
phase  reference  signal  so  that  changes  in  the  velo¬ 
city  of  sound  propagation  through  various  parts  of 
the  sample  will  be  displayed  on  the  screen.  Inter- 
ferograms  are  characterized  by  vertical  fringes 
whose  spacing  will  be  uniform  and  straight  if  the 
velocity  of  sound  is  uniform  in  a  flat  specimen. 
Lateral  position  shifts  of  the  fringes  can  be  used 
to  calculate  change  in  material  properties. 

The  purpose  of  this  paper  is  to  review  the 
use  of  SLAM  for  NDE  of  ceramics.  Results  obtained 
on  metals  have  been  reported  elsewhere. 
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Figure  1  is  a  disc  of  hot  pressed  silicon  ni¬ 
tride  which  is  shown  in  both  modes,  amplitude  (top) 
and  interf erogram  (bottom).  The  scale  is  3  mm 
horizontally  and  there  appears  to  be  a  fair  degree 
of  uniformity  in  this  material.  The  interf erogram, 
whose  fringes  are  spaced  by  85  micrometers,  reveals 
slight  deviations  in  the  horizontal  direction  which 
are  due  to  3  micron  changes  in  the  sample  thickness 
resulting  from  surface  grinding.  The  grooves  also 
act  as  acoustic  scatterers  which  are  evident  as  the 
diagonal  structure  on  the  amplitude  micrograph. 

In  order  to  maximize  the  information  obtained 
from  an  acoustic  microscope  there  are  several  para¬ 
meters  to  consider.  One  would  like  the  highest 
resolution  possible,  but,  unfortunately,  the  higher 
frequencies  are  also  more  highly  attenuating  by  the 
material  and  there  is  less  signal  to  noise  ratio. 
Furthermore,  as  the  frequency  is  increased  (and  the 
wavelength  gets  shorter)  surface  roughness  becomes 
more  critical;  here,  sample  preparation  can  play  an 
important  role.  Therefore,  one  has  to  compromise 
resolution,  penetration  and  sample  preparation  (if 
it  is  allowable) . 

CHARACTERISTICS  OF  TYPICAL  F1AWS 

Several  types  of  flaws  such  as  delaminations, 
cracks,  surface  cracks  and  solid  or  void  type  in¬ 
clusions  in  materials  will  be  described.  Figure  2 
shews  a  ceramic  chip  capacitor  which  is  an  elec¬ 
tronic  component  constructed  of  many  layers  of 
barium  titanate  ceramic  material  separated  by 
interlayer  metal  electrodes.  Figure  3  is  a  magni¬ 
fied  optical  image  of  a  capacitor  that  has  been 
destructively  cross-sectioned.  The  thickness  of 
each  ceramic  layer  is  approximately  25  microns  and 
each  electrode  layer  is  about  2  1/2  microns.  This 
image  shows  typical  defects  that  are  found,  for 
example,  delamination  at  the  electrode  layer  and 
distributed  porosity  in  the  ceramic  material.  When 
an  acoustic  micrograph  is  produced  of  this  compo¬ 
nent,  the  acoustic  energy  is  directed  up  through 
the  stack  rather  than  parallel  to  the  layers. 

t 

Figure  4  is  a  30  MHz  acoustic  interferogram 
of  a  typical  good  ceramic  chip  capacitor  whose  size 
is  approximately  6x9  mm.  The  interferogram 
fringes  are  fairly  straight  and  uniform  indicating 
uniform  density  of  the  ceramic.  It  is  well  estab¬ 
lished  that  porosity  in  sintered  materials  is 
associated  with  increased  acoustic  attenuation  and 
decreased  velocity  of  sound  compared  with  fully 
dense  material.  If  there  are  inhomogene ties  evi¬ 
dent  within  the  field  of  view  of  the  microscope, 
fringe  deviations  and/or  dark  areas  would  be  evi¬ 
dent.  If  a  delamination  exists,  a  corresponding 
area  of  reduced  acoustic  transmission  will  be  evi¬ 
dent  as  seen  in  Fig.  5.  Notice  that  in  a  delamina¬ 
tion  there  may  still  be  a  slight  amount  of  trans¬ 
mission,  but  the  fringes  typically  become  somewhat 
scrambled  indicating  a  loss  of  coherence  of  the 
wave.  The  bright  border  area,  seen  in  Figs.  4  and 
5,  is  where  the  acoustic  energy  is  viewed  directly, 
i.e.  without  passing  through  the  sample.  A  com¬ 
parison  of  the  electrical  signal  levels  can  be  used 
to  ascertain  the  attenuation  characteristics  of  the 
sample  quantitatively. 

Now  suppose  that  the  ceramic  capacitor  is 
soldered  onto  an  alumina  (Al^O^)  substrate  for  use 


in  a  hybrid  microcircuit.  Prior  to  the  soldering 
operation  we  determined  that  the  layers  were  all 
intact  and  free  of  delamination.  Now  we  can  deter¬ 
mine  the  integrity  of  the  solder  joints  by  observ¬ 
ing  the  transmission  level  throuRh  the  AI2O3-S0I- 
der-capacitor  structure.  In  Fig.  6,  we  observe 
good  acoustic  transmission  in  the  areas  of  the 
bonds,  i.e.  at  either  end  of  the  2  x  1.5  mm  capa¬ 
citor,  and  therefore,  conclude  that  the  bonds  are 
good . 

Suppose  that  a  sample  has  a  surface  crack. 

As  shown  in  Fig.  7  acoustic  energy  incident  upon 
the  crack  from  below,  will  partially  convert  into 
propogating  modes  that  travel  along  and  parallel 
to  the  surface.  The  discussion  here  is  particular¬ 
ly  relevant  to  cracks  that  are  shallow,  that  is, 
perhaps  not  more  than  a  few  wavelengths  of  sound 
deep;  at  100  MHz,  25-100  microns  would  be  typical. 
Referring  co  the  diagram,  the  area  to  the  far 
right  of  the  crack  at  the  top  surface  of  the  sample 
has  acoustic  energy  from  two  sources,  a  surface 
mode  originating  from  the  crack  and  a  transmitted 
bulk  wave  from  the  bottom.  The  two  waves,  which 
are  coherent,  will  interfere  and  cause  a  charac¬ 
teristic  cone-shaped  pattern  in  the  acoustic  micro¬ 
graph.  Figure  8  shows  an  acoustic  micrograph  of  a 
hot  pressed  silicon  nitride  sample  which  has  a 
ground  (not  polished)  surface  and  a  surface  crack 
(arrow)  produced  by  a  Vickers  hardness  tester  in¬ 
strument.  The  cone-shaped  interference  pattern  is 
quite  evident  and  extends  well  beyond  the  flaw 
site.  This  latter  observation  is  useful  for 
easily  locating  surface  flaws  Bince  the  pattern, 
not  the  crack  itself,  is  all  that  need  be  detected, 
hooking  at  the  surface  in  the  SIM,  Fig.  9,  one  Bees 
the  physical  indentation  due  to  the  Vickers  diamond 
stylus.  Beneath  the  indent  there  1b  a  half-penny 
shaped  crack  which  ennet  be  seen. 

If  the  crack  is  deep  as  illustrated  in  Fig. 10, 
and  if  the  incident  waves  are  at  an  angle  with  re¬ 
spect  to  the  surface  normal,  there  will  be  an 
acoustic  shadow,  (low  transmission  area)  because 
the  ultrasound  will  not  jump  across  the  air-filled 
opening.  The  measured  width  of  the  shadow  will 
permit  one  to  determine  the  depth  of  the  crack 
provided  the  angle  of  insonif ication  is  known. 

Figure  11  is  an  acoustic  micrograph  of  a 
cracked  alumina  AI2O3  substrate  a  few  millimeters 
thick.  The  sharp  onset  of  the  shadow  defines  the 
location  of  the  crack  at  the  top  surface  and  the 
shadow  width,  about  1  mm,  indicates  that  the  crack 
is  also  1  mm  deep.  (The  insonif ication  is  at  45°. ) 
The  grainy  structure  in  the  image  is  caused  by  the 
nonuniform  microstructure  of  the  alumina  itself. 
Full  density  alumina,  which  thiB  is  not,  has  a  very 
clean  acoustic  transmission  characteristic.  The 
nature  of  the  diffraction  pattern  will  depend  on 
the  size  and  shape  of  the  flaw,  and  also  upon 
whether  the  flaw  is  opaque  or  transmissive  to  the 
acoustical  wave. 

If  an  inclusion  or  a  void  is  buried  deep  be¬ 
neath  the  surface  of  a  material  and  viewed  in  the 
SLAM  there  will  be  scattered  and  transmitted 
energy  which  will  interfere  with  each  other  giving 
rise  to  a  diffraction  pattern.  This  is  illustrated 
in  Fig.  12. 
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Figure  13  Is  the  acoustic  micrograph  of  a  400 
micron  iron  inclusion  implanted  within  a  silicon 
nitride  disc.  It  is  located  about  3  mm  below  the 
surface  which  is  beyond  the  near  field  zone  of  the 
flaw.  There  is  a  characteristic  bright  diffrac¬ 
tion  ring  in  the  center  and  some  higher  order 
rings  surrounding  it.  As  the  flaw  gets  closer  to 
the  surface  the  image  characteristic  changes  in  a 
well  defined  manner.  A  series  of  acoustic  micro¬ 
graphs  was  generated  by  sequentially  grinding  the 
surface  thereby  moving  it  closer  towards  the  flaw. 
This  sequence  is  shown  in  Fig.  14.  Note  that  as 
the  flaw  gets  closer  to  the  image  plane  (the  sur¬ 
face)  the  diffraction  effects  are  reduced.  These 
effects  are  an  inevitable  consequence  of  any  imag¬ 
ing  system.  In  order  to  determine  the  flaw  size 
from  the  image  we  measure  the  image  of  the  flaw 
to  the  first  ring,  then  the  flaw  depth  by  stereo¬ 
metry.  With  these  two  data  points  the  flaw  size 
is  determined.  In  the  near  field  of  the  flaw  we 
don't  see  diffraction  rings  and  the  flaw  size  is 
the  same  as  its  image. 

To  complicate  life  a  little  more.  Fig.  15  in¬ 
dicates  a  common  problem:  flaws  are  not  necess¬ 
arily  singular  entities.  This  is  a  silicon  inclu¬ 
sion  located  in  silicon  nitride  and  there  is  also 
some  concentrated  porosity  (dark  zones)  in  the 
same  area  of  the  sample.  The  SLAM  image  clearly 
differentiates  the  two  effects.  Suppose  we  were 
to  try  conventional  high  frequency  ultrasonic 
testing.  In  this  particular  image,  the  horizontal 
field  of  view  is  3  mm.  As  a  side  note,  typical 
pulse-echo  transducers  are  about  this  size  or 
larger.  Thus  we  could  expect  some  difficulty  dis¬ 
tinguishing  the  two  flaw  types  from  echo  signals. 

In  addition  to  flat  and  test  samples,  the 
SIAM  can  be  adapted  for  use  on  complex  geometries. 
Work  has  already  been  performed  on  turbine  blades, 
tubes  and  other  odd  shaped  components.  In  each  of 
these  cases,  it  is  up  to  the  investigator  to  se¬ 
lect  and  optimize  an  entrance  and  exit  port  for 
the  ultrasonic  energy.  Curved  samples  will 
necessarily  cause  corresponding  curvatures  to  the 
interference  fringes.  For  example,  preliminary 
experiments  have  been  performed  on  cylindrical 
ceramic  test  bars  that  are  going  to  be  subjected 
to  tensile  strength  testing.  The  material  is 
silicon  nitride  and  a  photograph  of  the  sample  is 
shown  in  Fig.  16.  An  interf erogram  of  a  good  zone 
as  compared  with  a  suspicious  zone  is  shown  in 
Fig.  17  and  it  is  evident  that  the  differences  are 
clearly  distinguishable  even  though  the  fringes 
are  curved. 


FUTURE  WORK 


Our  approach  for  further  work  involves  2 
parallel  tasks.  First,  analytical  procedures  for 
diffraction  phenomenon  which  have  been  developed 
will  be  brought  to  bear  on  SIAM  images  in  order  to 
get  as  much  quantitative  information  about  the  flaw 
as  is  possible.  The  second  task  involves  estab¬ 
lishing  a  data  flaw  library  with  destructive 
correlative  analysis  on  naturally  occurring  flaws. 
This  will  guide  the  analysis  work  and  can  be  em¬ 
ployed  to  interpret  flaw  images  on  actual  compo¬ 
nents  which  are  too  complicated  for  mathematical 
analysis. 
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Fig.  1  -  Acoustic  amplitude  micrograph  (top)  and 
interf eroRram  (bottom)  of  a  hot  pressed 
silicon  nitride  disc  /  mm  thick.  The 
ultrasonic  frequency  is  100  MHz  and  the 
field  of  view  is  3  mm  horizontally. 


CERAMIC  CAPACITOR 


Fig.  3  -  Optical  view  of  a  cross-sectioned  ceramic 
capacitor  revealing  d el aminati on  at  the 
electrode  as  well  as  porosity  in  the 
ceramic  material. 


Fig.  4  -  Acoustic  interf erogram  of  a  typical  good 

ceramic  capacitor  at  an  acoustic  frequency 
of  30  MHz.  The  field  of  view  is  approxi¬ 
mately  10  mm  horizontally. 


Fig.  13  -  An  iron  inclusion,  400  microns  in  diameter,  is  located  3  mm  below  the 
surface  of  a  hot  pressed  silicon  nitride  sample  giving  rise  to  this 
diffraction  pattern. 


Fig.  15  -  Acoustic  micrograph  of  a  silicon  In¬ 
clusion  and  porosity  with  a  silicon 
nitride  sample.  The  porosity,  which 
is  attenuating  to  the  acoustic  wave, 
is  located  in  such  a  position  rela¬ 
tive  to  the  inclusion  that  for  certain 
orientations  of  the  sample  one  flaw 
masks  the  other. 


Fig.  16  -  Photograph  of  a  cylindrical  tensile  bar 
which  is  made  of  silicon  nitride. 


Fig.  17  -  Acoustic  interf erograms  of  a  typical  (left)  and  a  suspicously  flawed  (right) 
cylindrical  tensile  test  bar  shown  in  Fig,  16. 
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Abstract 


A  50  MHz  C-scan  imaging  system  Is  used  to  find  defects  in  ceramics.  The  imaging  system  consists 
of  a  microcomputer-controlled  scanner  for  data  acquisition  and  signal  conditioning.  Synthetic  aperture 
imaging  at  50  MHz  is  carrieo  out  to  obtain  3-D  images  of  flaws.  Image  reconstruction  is  accomplished 
digitally  on  a  minicomputer.  A  square  synthetic  aperture  is  used  to  image  flaws  in  flat  disc  samples  and 
a  cylindrical  synthetic  aperture  Is  used  in  the  cylindrical  rod  case.  We  have  developed  the  theory  to 
predict  the  imaging  performance  of  the  two  aperture  geometries.  The  respective  point  spread  functions 
are  simulated  and  agree  well  with  theoretical  results.  Special  attention  is  given  to  reconstructing 
linages  of  specular  reflectors.  Computer  simulations  based  on  theoretical  flaw  models  have  been  carried 
out. 


Introduction 

First,  a  sample  is  immersed  in  a  water  bath 
and  scanned  in  C-scan  reflection  mode  to  locate  the 
transverse  positions  and  depths  of  the  flaw 
sites.  Then  a  sampled  aperture  is  synthesized  over 
a  relatively  small  volume  of  interest  around  the 
flaw,  as  depicted  in  Figs,  la  and  lb.  This 
operation  limits  the  number  of  reconstruction 
points  required  to  a  reasonable  value.  In  our 
imaging  system,  a  single  50  MHz  focused 
transducer,  operated  in  pulse-echo  mode,  is  used. 
The  focal  point  of  the  incident  beam  is  located  at 
the  water/silicon  nitride  interface  to  approximate 
a  point  source  and  also,  because  of  the  large 
velocity  mismatch  at  the  interface,  to  create  a 
wide  angle  transmitted  beam  insonifying  the 
interior  of  the  sample,  for  the  flat  disc 
geometry,  pulse-eclio  data  is  collected  over  a 
square  8x8  element  aperture  with  a  sampling 
point  spacing  of  two  wavelengths.  For  the 
cylindrical  case,  an  open-ended  sampled  cylindrical 
aperture  is  used.  It  consists  of  a  stack  of 
sixteen  rings,  two  wavelengths  apart,  each  ring 
having  32  evenly-distributed  sampling  points. 
Image  reconstruction  is  accomplished  by 
back-projecting  the  pulse-echo  data  on  a 
minicomputer.  The  back  projection  procedure  is 
illustrated  in  Figs.  2a  and  2b. 

We  have  carried  out  theoretical  analyses  and 
computer  simulations  to  gauge  the  performance  of 
the  two  aperture  geometries.  Much  effort  was 
devoted  to  establishing  the  respective  point  spread 
functions  (PSF),  the  conventional  way  of  specifying 
the  resolving  power  of  an  imaging  system.  Inherent 
in  the  PSF  concept  is  the  assumption  that  a  finite 
size  reflector  is  regarded  as  a  collection  of  point 
scatterers;  thus,  every  point  in  the  aperture 
responds  to  every  point  in  the  reflector.  This 
assumption  is  Invalid  for  strong  specular 
reflectors,  as  is  the  case  in  imaging  finite  size 
flaws  inside  silicon  nitride  samples.  This  fact  is 
Illustrated  in  Fig.  3  where  we  have  a 
two-dimensional  fully  enclosed  aperture  imaging  a 
finite  size  circular  defect.  Based  on  the 
geometric  optics  argument,  a  sampling  point  on  the 
aperture  tends  to  respond  only  to  a  point  on  the 
defect  boundary  directly  facing  It.  In 
reconstructing  the  image  point  by  back-projection, 
because  of  the  finite  width  of  the  transmitted 


pulse  (typically  a  few  rf  cycles),  a  limited 
number  of  sampling  points  in  the  vicinity  of  the 
actually-excited  aperture  element  will  contribute 
constructively.  Outside  of  this  neighborhood,  the 
contributions  due  to  the  other  sampling  points  are 
either  negative  or  random.  Hence,  100%  coherent 
summing  at  an  image  point  is  not  possible,  giving 
rise  to  undesirably  high  sidelobe  levels.  We 
concluded  that  the  connection  between  the  PSF  and 
the  "resolution"  of  specular  reflector  images  is 
not  clear. 


Figure.  1.  Imaging  flaws  inside  silicon  nitride 
samples  using  synthetic  aperture 
techniques:  (a)  flat  disc  samples; 
and  (b)  cylindrical  rod  samples. 


137 


WATER 


(2)'"'  POINT 
fC  SCATTERER 

(a)  SQUARE  APERTURE 


Figure  3.  Imaging  specular  reflector  by  synthetic 
focus  technique. 

to  some  extent  circumvents  the  difficulties 
inherent  in  the  conventional  back-projection 
method.  In  conventional  back-projection,  the 
amplitude  of  an  image  point  is  evaluated  by  summing 
contributions  from  all  the  sampling  points  in  the 
aperture  indiscriminately.  This  indiscriminate 
summation  in  the  case  of  specular  reflectors  is 
inconsistent  with  the  fact  that  an  object  point  on 
the  defect  boundary  is  apparently  "visible"  to  only 
a  localized  group  of  sampling  points  in  the 
aperture.  Thus,  the  obvious  strategy  is  to  only 
sum  over  sampling  points  that  contribute 
constructively,  and  deliberately  leave  out  sampling 
points  that  do  not  matter.  There  is  also  the 
necessity  to  distinguish  between  random  and 
meaningful  contributions,  which  is  discussed  in 
detail  below.  Based  on  computer  simulation 
results,  there  is  a  dramatic  improvement  in  the 
images  generated  by  selective  back-projection  over 

(b)  CYLINDRICAL  APERTURE  those  by  conventional  back-projection. 


Figure  2.  Image  reconstruction  by  back- 
projection. 

For  the  first  time,  computer  simulated 
reconstructions  based  on  theoretically-calculated 
backscattered  waveforms  for  spherical  void,  iron, 
and  silicon  inclusions  have  been  conducted.  A 
typical  backscattered  waveform  from  a  spherical 
flaw  consists  of  a  front-face  echo  which  demarcates 
the  boundary  of  the  defect,  and  trailing  echoes 
which  are  a  combination  of  back-face  echoes  and 
mode-converted  waves.  Different  kinds  of  flaws 
have  distinct  backscattered  signals.  Synthetic 
focus  reconstruction  results  in  an  image  which 
shows  the  defect  boundary  and  the  associated  "ring" 
artifact  corresponding  to  later  echoes,  which  is 
characteristic  of  the  nature  of  the  flaw,  as  shown 
in  Figs.  4a,  4b,  and  4c.  However,  a  significant 
drawback  to  these  results  is  that  the  si  delobe 
levels  are  very  high.  This  is  a  fundamental 
difficulty  with  reconstructing  images  of  specular 
reflectors  using  the  back-projection  scheme  we  have 
described. 


HARDWARE  DESCRIPTION 

The  functional  blocks  of  the  three-dimensional 
synthetic  focus  Imaging  system  are  shown  in 
Fig.  5.  The  scanning  mechanism  consists  of  a 
precision  X-Y  stage  with  ±7  urn  positional 
accuracy  and  a  rotator  mount  accurate  to  within 
1/100  of  a  degree.  A  single  50  MHz  transducer 
operated  in  pulse-echo  mode  is  scanned  over  the 
sample  of  Interest  to  create  a  synthetic 
aperture.  The  pulse-echo  data  is  time-expanded  by 
use  of  a  sampling  oscilloscope  to  facilitate  data 
collection.  The  scanning  and  data  acquisition 
operations  are  coordinated  by  a  microcomputer 
system  which  also  serves  as  an  off-line  data 
storage  unit.  Image  reconstruction  is  performed  on 
a  minicomputer  system  in  which  all  the  processing 
algorithms  reside.  The  two  computer  systems  are 
linked  so  that  data  files  can  readily  be  retrieved 
for  processing. 

THEORY  OF  OPERATION 


Point  Spread  Function 


We  have  developed  a  new  image  reconstruction  (1)  Square  Aperture  System.  This  particular 

algorithm  called  "selective  back-projection,"  which  geometry  does  not  lend  itself  to  a  complete 
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(a)  VOID 


(b)  SILICON  INCLUSION 


Figure  4. 


Computer  simulation  images  of  different 
types  of  circular  defects  inside 
silicon  nitride:  (a)  voids; 

(b)  silicon  inclusion;  and  (c)  iron 
inclusion. 


Figure  5. 


Three-dimensional  synthetic  focus 
imaging  system. 


analytic  description  because  it  is  basically  a  wide 
aperture  system  and  does  not  admit  the  paraxial 
approximation.  However,  one  would  not  expect  the 
PSF  to  deviate  significantly  from  the  analytical 
paraxial  result. 


H(x,y)  = 
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where  D  is  the  width  of  the  square  aperture,  * 
is  the  element  spacing  in  x  and  y  ,  and 
(xQ,  yQ,  z)  is  the  location  of  the  point  target. 
The  4udB  lateral  single  point  definition  is 
therefore 
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Note  that  the  resolution  is  twice  as  good  as  a 
receiver  array  focused  on  a  point  insonified  by  a 
separate  source,  because  in  a  synthetic  aperture 
system  the  signal  path  is  twice  the  distance  from 
an  array  element  to  an  object  point. 

Range  resolution  is  primarily  determined  by 
the  pulse  width.  The  typical  impulse  response  of 
the  transducer  used  in  the  imaging  system 
approximates  a  Gaussian  envelope  rf  pulse  four 
and  a  half  cycles  long. 

Since  the  aperture  is  undersampled  by  a  factor 
of  4  ,  grating  lobes  are  expected  to  occur  where 
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n,  m  «  1,  2,  3,  ....  where  N  x  N  is  the  number  of 
elements  in  the  sampled  square  aperture.  However, 
because  short  pulses  are  used,  there  is  no  longer 
coherent  summing  at  locations  far  removed  from  the 
point  target.  Thus,  the  grating  lobe  levels  are 
reduced  by  approximately  M/N  ,  where  M  is  the 
number  of  rf  cycles  in  the  pulse. 
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(2)  Cylindrical  Aperture  System.  Again,  we 
do  not  attempt  to  derive  the  exact  expression  for 
the  PSF  of  the  system.  Rather,  we  divide  the 
difficult  overall  problem  into  two  much  simpler, 
mathematically  tractable,  albeit  non-exact, 
parts.  Through  this  exercise,  we  can  estimate  the 
resolution  of  the  system.  The  validity  of  the 
approximation  can  easily  be  checked  by  computer 
simulation.  We  will  consider  the  resolution  in 
the  z  direction  and  that  in  the  (r,  e)  plane 
separately. 


(a)  Definition  In  z. 
z  direction  is  assumed  to 
extent  of  the  aperture  in 
the  paraxial  approximation 
in  z  . 


H{z) 

constant  r,6 


The  resolution  of  the 
be  dependent  only  on  the 
z  .  Further,  we  apply 
to  obtain  the  definition 


sin 

2Dz 

*  —  U  - 

AR  u 

24, 

sin 

*  - -  (Z  -  Zq) 

AR  0 

system,  there  is  a  factor  of  2  improvement  in 
definition. 

IMAGING  SPECULAR  REFLECTORS 

Consider,  for  instance,  a  spherical  defect  of 
radius  b  ,  at  the  center  of  an  array  of  radius 
a  ,  a  »  b  .  Suppose  we  are  trying  to  obtain  an 
image  of  a  point  P  on  the  defect  boundary,  a 
distance  R  from  the  synthetic  aperture  array,  as 
shown  in  Fig.  6.  When  a  transducer  is  opposite  the 
point  P  at  the  point  A  on  the  aperture,  the 
response  is  maximum.  Similarly,  when  the 
transducer  is  moved  to  point  B  ,  a  point  Q  on 
the  radial  line  passing  through  B  and  the 
center  Q  of  the  circle  have  maximum  response.  If 
the  system  is  focused  on  the  point  P  ,  the  signal 
arriving  at  B  from  Q  has  the  wrong  time 
delay.  The  error  in  time  delay  is 

2(BP  -  BQ) 

aT  = -  (9) 

v 


(5) 

where  D.  is  the  width  of  the  aperture  in  z  , 
i  is  the  element  spacing  in  z  ,  and  R  is  the 
distance  of  the  point  target  from  the  aperture. 
The  4  dB  single-point  definition  in  z  is 
therefore 


where  v  is  the  velocity  in  the  medium.  Let 
angle  POQ  be  e  .  Since  a  or  R  »  b  ,  it  can 
be  shown  that 

4a  „  e 

AT  •  —  sin  -  (10) 

v  2 


d 


z 


If  we  regard  the  sampling  points  as  essentially 
(6)  continuous,  the  total  contribution  to  the  received 

signal  is 


Also,  since  the  system  is  undersampled  in  z  by  a 
factor  of  4  ,  grating  lobes  are  present.  However, 
the  use  of  short  pulses  suppresses  the  grating  lobe 
levels.  The  aberration  in  the  grating  lobes  due  to 
the  non-paraxial  nature  of  the  focusing  at  the 
grating  lobe  locations  also  serves  to  reduce  their 
ampl itudes. 

(b)  Definition  In  The  (r,6)  Plane.  The  PSF 
in  the  constant  z  plane  is  assumed  to  depend  only 
on  angular  (e)  distribution  of  the  aperture.  The 
PSF  of  a  continuous  cylindrical  aperture  at  the 
constant  z  focal  plane  is  given  by 

2it 

H(r.e)  =  —  KJ0  (2'  '  (7) 

a 

The  Rayleigh  definition  d^  is  therefore  given 

by 


t 


8 

2 


de 


(11) 


where  we  have  ignored  the  amplitude  variation  due 
to  the  change  in  signal  path  length.  For  0 
small,  Eq.  (11)  becomes  a  Fresnel  integral.  It  can 
be  shown  that  the  main  contribution  to  this 
integral  is  approximately  from  the  region  where 


4ka  sin 


2 


(12) 


where  k  *  u>/v  .  This  corresponds  to  contributions 
having  the  same  sign.  The  elements  making  the  main 
contribution  to  the  image  point  P  are  within  the 
angular  range. 


0.6  A 

dp  -  -  »  0.2  A  (8) 


(13) 


Hence,  in  pr .  :iple,  a  remarkable  resolution  of 
0.2  A  can  be  attained.  The  reasons  for  this 
surprisingly  good  theoretical  definition  are 
two-fold.  Firstly,  a  cylindrical  system  instead  of 
a  spherical  one  is  being  considered.  Therefore, 
the  first  zero  of  the  Jq  rather  than  the  Ji 
Bessel  function  dictates  the  Rayleigh  definition. 
This  gives  an  improvement  by  a  factor  of  1.6  ,  but 
with  higher  sidelobe  levels,  and  thus  a  relatively 
poorer  two-point  definition.  Secondly,  because  in 
a  synthetic  aperture  system  any  ray  suffers  twice 
the  phase  shift  that  it  would  in  a  single  lens 


Points  outside  this  range  may  give  in-phase  or 
out-of-phase  contributions. 

As  an  example,  in  silicon  nitride,  at  a 
frequency  of  50  MHz  ,  A  =  220  urn  .  A  flaw 
600  wn  in  diameter  corresponds  to  kb  =  8.6  . 
Thus,  the  angular  range  28  over  which  all  the 
contributions  to  received  signals  are  positive,  is 
approximately  50°  .  For  32  elements  evenly 
distributed  around  the  aperture,  this  result 
Implies  that  only  five  of  them  give  cumulative 
contributions  to  the  image  of  the  point  P  ,  and 
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the  remaining  elements  essentially  contribute 


SELECTIVE  BACK-PROJECTION 

Figure  7  diagrams  the  entire  synthetic  focus 
procedure.  Without  loss  of  generality,  a 
two-dimensional  circular  aperture  is  chosen  as  a 
specific  example.  The  aperture  synthesis  step  is 
mathematically  a  mapping  from  the  object  field 
f(x,y)  into  the  data  field,  which  is  a  set  of  time 
series.  For  the  purpose  of  illustration,  the  time 
series  are  ordered  in  the  form  of  a  matrix  with 
each  row  corresponding  to  the  complete  pulse-echo 
data  record  at  a  sampling  point.  The  columns  are 
the  progressive  time  entries  of  the  pulse-echo  data 
records.  The  synthetic  focus  step  is  simply  the 
evaluation  of  the  amplitude  of  each  pixel  in  the 
image  plane  with  the  aid  of  a  focus  map  generated 
independently  based  on  geometric  considerations. 

The  focus  map  maps  out  a  meandering  path  in  the 
data  field  matrix,  along  which  the  contribution 
from  each  sampling  point  should  be  picked  up  for  a 
particular  image  pixel. 


SELECTIVE  BACKPROJECTION  ALGORITHM  ' 

I.  DISCARD  ISOLATED  VALUES 
n.  ONLY  SUM  OVER  PACKET  OF  ANGLES  WITH  THE 
SAME  SIGN  AND  MAXIMUM  CONTRIBUTION 

Figure  7.  Selective  back-projection  algorithm. 

As  explained  before,  conventional 
back-projection  indiscriminately  sums  up  all  the 
contributions.  The  selective  back-projection 
scheme  sums  up  only  the  subset  of  contributions 
from  adjacent  elements  that  are  of  the  same  sign 
and  give  maximum  total  magnitude.  The  basis  for 


this  strategy  is  shown  in  Fig.  3.  Although  point 
A  on  the  defect  boundary  is  only  physically 
"visible"  to  array  element  1  in  the 
reconstruction  process,  the  sidelobe  due  to  point 
B  ,  which  physically  only  excites  array 
element  2  ,  can  influence  the  amplitude  at  A 
because  of  the  use  of  a  finite  width  transmitted 
pulse.  If  the  sidelobe  contribution  from  B  ,  or 
equivalently  the  back-projected  contribution  from 
array  element  2  ,  is  in  phase  with  the  main  lobe 
contribution  from  array  element  1  ,  then  the  main 
level  is  boosted.  For  a  smooth  specular  reflector, 
constructive  contributions  should  only  come  from  a 
connected  neighborhood  of  the  aperture.  Since  the 
data  is  automatically  searched  to  find  the  packet 
of  numbers  which  gives  maximum  contribution,  one 
does  not  have  to  make  any  a  priori  assumptions 
about  the  orientation  and  radius  of  curvature  of 
the  surface  of  the  specular  reflector. 

It  is  important  to  point  out  that  even  though 
the  main  lobe  of  an  image  point  is  boosted  by 
sidelobe  contributions  from  neighboring  points,  the 
improvement  in  overall  amplitude  is  meager  because 
only  a  small  number  of  array  elements  are 
involved.  A  sidelobe  from  an  image  point  tends  to 
leave  streaks  in  the  image.  These  streaks  come 
from  lone  contributions  in  the  selective  summing 
step.  Therefore,  to  reduce  the  undesirably  high 
sidelobe  levels,  lone  contributions  are  discarded, 
and  the  corresponding  pixel  amplitudes  are  set  to 
zero.  In  other  words,  one  can  set  up  a  criterion 
that  an  object  point  has  to  be  “seen"  by  at  least 
M  array  elements  to  discriminate  against  unwanted 
sidelobes. 


RECONSTRUCTION  OF  SPECULAR  REFLECTORS 

Because  the  selective  back-projection 
algorithm  can  easily  be  implemented  on  a 
two-dimensional  system  without  excessive 
computation  time,  we  have,  for  purposes  of 
illustration,  reconstructed  images  of  a  void  and  of 
silicon  and  iron  inclusions  for  a  two-dimensional 
system  on  the  computer.  32  evenly-distributed 
array  elements  are  used.  To  simulate  the 
pulse-echo  data,  theoretically  derived 
backscattered  waveforms  for  voids,  silicon,  and 
iron  inclusions  are  employed.  The  calculation  is 
based  on  the  work  on  Ying  and  Truell  on 
scattering  from  spherical  objects.  The  pulse-echo 
data  for  each  array  element  is  generated  based  on 
geometric  optics  considerations.  The  signal  path 
is  assumed  to  be  along  the  line  segment  between  the 
array  element  and  the  point  on  the  defect  boundary 
directly  opposite  the  element,  as  shown  in 
Fig.  3.  Selective  back-projection  is  then  applied 
to  reconstruct  the  image  of  the  various  single 
defects.  The  amplitude  of  each  image  point  Is 
evaluated  by  inspecting  the  contributions  from 
all  32  array  elements.  Only  the  packet  of 
contribution  which  gives  maximum  magnitude  is 
kept.  The  number  of  entries  in  the  packet 
(corresponding  to  the  number  of  array  elements 
involved)  is  checked,  and  if  it  is  more  than  two, 
the  amplitude  of  the  image  point  is  et  to  equal 
the  packet  sum.  Otherwise,  the  1maae  point  value 
is  forced  to  zero.  Note  that  not  all  the  array 
elements  in  the  packet  contribute  equally.  The 
element  nearest  to  the  normal  of  the  defect  surface 
at  the  image  point  will  contribute  the  most.  The 
neighboring  contributions  will  fall  off 
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approximately  cosinusoidally.  Thus,  the  selective 
back-projection  algorithm,  when  used  to  image 
specular  reflectors  with  dimensions  greater  than 
one  wavelength,  is  equivalent  to  a  limited  angular 
aperture  imaging  system  with  cosinusoidal 
apodization. 
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lb)  SELECTIVE.  BACKPROJECTION 


(c)  SELECTIVE  BACKPROJECTION  AND  NONLINEAR  PROCESSING 


Figure  8.  Images  of  a  circular  void  defect 
processed  by  different  schemes: 

(a)  conventional  back-projection; 

(b)  selective  back-projection;  and  (c) 
selective  back-projection  and  nonlinear 
processing. 


Figures  8a  and  8b  show  the  images  of  a  void 
600  um  in  diameter  obtained  by  conventional  and 
selective  back-projection  methods  respectively. 
There  is  decidedly  great  improvement  in  the  clarity 
of  the  defect  boundary  in  Fig,  8b.  The  defect 
boundary  amplitude  is  boosted  by  3-4  dB  compared 
to  that  obtained  by  conventional  back-projection, 
and  the  far-out  sidelobe  is  almost  completely 
annihilated  by  the  selective  back-projection 
process. 

Similar  improvement  can  readily  be  observed  in 
Figs.  9  and  10  for  the  cases  of  silicon  and  iron 
inclusions. 
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(a)  CONVENTIONAL  BACKPROJECTION 


(b)  SELECTIVE  BACKPROJECTION 


Figure  9.  Images  of  a  silicon  inclusion  defect 
processed  by  different  schemes: 

(a)  conventional  back-projection;  and 

(b)  selective  back-projection. 

Even  greater  improvement  in  the  image  quality 
can  be  achieved  when  selective  back-projection  is 
combined  with  nonlinear  processing.  This  is 
clearly  evident  in  Fig.  8c  for  the  case  of  a 
void. 
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CONCLUSION 

We  have  developed  the  theories  to  characterize 
the  imaging  performance  of  square  and  cylindrical 
synthetic  apertures.  Most  of  the  theoretical 
predictions  are  confirmed  by  computer  simulation 
results.  We  have  established  that  the 
three-dimensional  synthetic  focus  technique  is 
capable  of  extremely  good  single  point  resolution 
in  all  three  directions.  The  result  on  the  PSF  for 
the  cylindrical  aperture  configuration  is  of 
particular  importance  because  of  its  generality. 

The  theoretical  analysis  was  carried  out  without 


Specular  reflectors  present  special 
difficulties  for  synthetic  aperture  imaging. 
Computer  simulations  show  that  the  conventional 
back-projection  technique  is  seriously  Inadequate 
In  reconstructing  Images  of  specular  reflectors 
because  of  the  resulting  high  sidelobe  levels.  A 
selective  back-projection  technique  has  shown  great 
promise  in  enhancing  the  Images  by  suppressing 
sidelobe  amplitudes. 

We  hope  to  obtain  experimental  results  on  our 
three-dimensional  imaging  system  In  the  near  future 
to  substantiate  the  simulation  results. 
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(b)  SELECTIVE  BACKPROJECTION 


Figure  10.  Images  of  an  iron  Inclusion  defect 
processed  by  different  schemes: 

(a)  conventional  back-projection;  and 

(b)  selective  back-projection. 

making  any  assumption  about  the  position  of  the 
image  point  relative  to  the  aperture.  This  result 
may  also  apply  to  tomographic  systems  because  of 
similarity  in  aperture  geometry.  In  addition,  we 
have  analyzed  the  effect  of  sampling  the 
aperture.  Sampling  introduces  grating  lobes  whose 
positions  are  nearer  to  the  main  lobe  than  in  a 
rectilinear  system,  but  whose  amplitudes  are  far 
weaker.  Short  pulse  operation  tends  to  reduce  the 
grating  lobe  levels. 
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ABSTRACT 

We  have  extended  our  earlier  investigation  of  scattering  from  surface  cracks.  In  particular,  we  have 
studied  the  change  in  the  reflection  coefficient  of  a  Rayleigh  wave  incident  on  a  half-penny  shaped  sur¬ 
face  crack  along  with  the  corresponding  change  in  the  acoustic  crack  size  estimates  as  the  cracked  sample 
is  stressed  to  fracture.  We  have  examined  in  this  manner  both  cracks  in  annealed  samples  and  as-indented 
cracks.  We  have  found  that  the  fracture  behavior  for  cracks  in  these  two  types  of  samples  differ  quite 
significantly,  with  the  cracks  in  the  annealed  samples  exhibiting  a  partial  crack  closure  characteristic 
and  the  cracks  in  the  as-indented  samples  displaying  both  crack  closure  and  crack  growth  effects. 

INTRODUCTION  is  observed,  terminating  in  fracture  at  lower 

applied  stresses  than  for  equivalent  annealed 

This  work  is  an  extension  of  our  earlier  study1  samples.  This  hysteresis  effect  has  been  observed 
aimed  at  the  establishment  of  procedures  for  locat-  for  the  first  time  acoustically.  Both  the  initial 
ing  and  characterizing  surface  cracks  in  structural  crack  radius,  C0  ,  and  final  radius,  Cm  ,  can  be 

ceramics.  The  basic  technique  we  have  been  using  measured  after  fracture.  The  results  obtained  can 

consists  of  launching  a  Rayleigh  wave  on  the  sur-  be  predicted  accurately  via  acoustic  techniques  and 

face  of  the  ceramic  and  observing  the  reflections  agree  well  with  the  predictions  of  earlier  theories 

of  the  acoustic  surface  wave  from  the  crack.  The  and  experiments  by  Marshall  .2>3»4 

particular  type  of  crack  we  have  been  studying  is 

a  half-penny  shaped  surf^.e  crack  introduced  at  a  An  important  result  of  our  work  is  the  demon¬ 
given  orientation  into  the  ceramic  surface  by  a  stration  that  it  is  highly  desirable  to  anneal 

Knoop  hardness  indentor.  In  a  previous  paper,1  we  ceramics  in  which  surface  cracks  are  likely  to  be 

described  a  scattering  theory  valid  in  the  low  present.  Annealing  inhibits  further  crack  growth 

frequency  regime  based  on  the  model  of  an  open  half-  by  relieving  the  residual  stresses  that  are  present, 

penny  shaped  crack.  This  theory  related  the  reflec-  As  evidence,  we  note  that  when  unannealed  samples 

tion  coefficient  measured  in  the  experiment  with  are  stressed,  the  crack  radius  increases  by  a 

the  crack  size  and  fracture  stress  of  the  cracked  factor  of  approximately  two.  Annealing,  however, 

sample.  The  theory  was  shown  there  to  give  predic-  causes  an  increase  in  the  fracture  stress  observed 

tions  for  the  fracture  stress  which  were  in  good  by  a  factor  of  approximately  1.5  . 

agreement  with  experimental  results.  However, 

predictions  for  the  crack  size  were  observed  to  be  THEORETICAL  REV I  EH 

considerably  less  accurate,  with  crack  size  esti¬ 
mates  for  unstressed  samples  being  smaller  by  A  general  theory  of  scattering  from  flaws 

factors  of  two  to  three  than  the  actual  crack  sizes  developed  by  Kino  and  Auld^.o  forms  the  basis  for 

measured  after  fracture.  our  work.  The  scattering  configuration  considered 

is  shown  in  Fig.  1.  The  reflection  coefficient. 

Since  that  time  we  have  extended  the  theory  S21  -  is  defined  as  the  amplitude  ratio  of  the 

and  correlated  our  results  with  what  would  be  reflected  signal  from  the  flaw,  A2  ,  received  by 

expected  from  fracture  mechanics  studies  of  cer-  transducer  2  ,  to  the  incident  signal,  Aj  , 

amics.  A  series  of  experiments  on  annealed  and  transmitted  by  transducer  1  ,  at  the  terminals  of 

unannealed  samples  has  demonstrated  the  power  of  the  transducers.  In  terms  of  the  input  power  to 

acoustic  techniques  for  studying  cracks  in  ceramics.  the  transmitting  transducer,  P  ,  the  Rayleigh 

The  work  Indicates  that  cracks  in  annealed  samples  wave  displacement  field  when  the  receiving  trans- 
tend  to  be  in  contact  over  most  of  their  cross-  ducer  is  used  as  the  transmitter,  u|2/  ,  and  the 

section  and  open  up  with  applied  stress.  At  the  applied  stress  in  the  vicinity  of  theJflaw  before 

point  of  fracture,  a  very  slight  growth  in  crack  the  flaw  is  introduced,  aM1")  ,  S2l  is  given  by 

radius  is  observed.  On  the  other  hand,  cracks  in  j  ^ 

unannealed  as-indented  samples  exhibit  partial  A2  -  /2\  mi) 

closure  at  the  sample  surface.  Upon  application  of  S21  =  —  =  — /  u:  'a?:  'n^dS  (1) 

stress,  crack  growth  occurs,  with  crack  radii  A-^  4P  ?  J  J 

tending  to  increase  on  the  order  of  50%  .  Upon  '’c 

release  of  stress,  the  cracks  partially  close,  with 
their  effective  radii  decreasing  by  less  than  10%  , 

As  stress  is  further  applied,  further  crack  growth 
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for  the  case  where  the  flaw  is  a  void.  Here,  the 
Integral  Is  taken  over  the  entire  surface  of  the 
void,  $c  . 


Sc 

FLAW 

n  =  (n1.n2.n3) 


Figure  1  -  A  schematic  of  the  geometry  considered 
in  the  derivation  of  the  reflection 
coefficient,  Soj  ,  for  a  flaw.  Here, 
is  the  inward  normal  to  the  flaw 
surface,  Sc  . 

For  the  situation  of  a  Rayleigh  wave  normally 
incident  on  a  half-penny  shaped  surface  crack  of 
radius  a  located  in  the  x-y  plane  (Figs.  2  and 
3),  the  reflection  coefficient  may  be  written  as 
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where  Au,  is  the  discontinuity  in  the  Rayleigh 
wave  displacement  field  across  the  crack  and  o§z 
is  the  applied  stress.  The  integral  is  now  taken 
over  just  the  semi-circular  area.S  .  The  theory  we 
have  developed  for  this  configuration  is  strictly 
valid  only  in  the  low  frequency  regime  (i.e.  we 
require  the  maximum  depth  to  which  the  crack  extends 
below  the  sample  surface  to  be  much  less  than  an 
acoustic  wavelength).  To  take  into  account  the 
effect  of  imaging  at  the  surface  in  increasing  the 
value  of  the  stress  intensity  factor  near  the  sur¬ 
face,  as  well  as  the  variation  with  depth  of  the 
Rayleigh  wave  stress  fields,  we  use  the  results  of 
Budiansky  and  O'Connell?  to  write  the  surface 
integral  in  Eq.  (2)  in  terms  of  a  contour  integral 
of  the  square  of  the  mode  I  stress  intensity  factor, 
Kj  ,  around  the  crack  circumference  C  (Fig.  3) 
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Here,  v  is  Poisson's  ratio  and  E  is  Young's 
modulus.  The  angular  dependence  of  Kj  caused  by 
the  surface  imaging  forces  may  be  approximated  from 
the  results  of  Smith,  Emery,  and  Kobayashi .3  Smith 
et  al .  considered  the  case  of  a  half-penny  shaped 
surface  crack  in  a  beam  of  thickness  2c  subject 
to  a  bending  load.  The  applied  stress  then  takes 
the  linear  form 

4(y)  =  M1  ■  w 


where  the  functions  iWe)  and  'M0)  were  numer¬ 
ically  evaluated  by  Smith  et  al.  (Fig.  4).  To  make 
use  of  these  results  for  our  case  where  the  stress 
is  due  to  the  Rayleigh  wave  and  not  a  bending  load, 
we  made  a  linear  approximation  to  the  Rayleigh  wave 
stress  field  and  so  evaluated  effective  values  for 
the  constants  A  and  c  appearing  in  Eq.  (4), 

Our  result  for  the  normalized  reflection  coefficient 
wk|Snl  .  for  a  semi-circular  crack,  as  a  function 
of  trie  normalized  crack  depth,  2ira/x  »  is  given  by 
the  dashed  curve  in  Fig.  5.  Here  k  =  2tt/X  Is  the 
propagation  constant  of  the  Rayleigh  wave,  and  w 
is  the  width  of  the  acoustic  beam  at  the  crack. 


Figure  2  -  Scattering  geometry  for  a  Rayleigh  wave 
normally  incident  on  a  half-penny  shaped 
crack. 


HALF-PENNY  SHAPED  CRACK 

Figure  3  -  Schematic  of  half  penny  shaped  crack 
geometry. 


Figure  4  -  Angular  variation  of  the  functions 

»PO(0)  and  1^(6)  (after  Smith  et  al.  ). 

EXPERIMENTAL  RESULTS 


where  A  is  a  constant  and  y  is  the  distance 
from  the  sample  surface  (Fig.  2).  The  corresponding 
stress  intensity  factor  is  given  by 

Kj(0)  =  2i/a7ir  AW'0(6)  -  (a/cHjlo)]  (5) 


In  our  experimental  studies,  we  used  a  commer 
cial  hot-pressed  silicon  nitride  ( NC- 132 )  ceramic. 
The  samples  were  in  the  form  of  7.6  cm  x  2.6  cm  x 
,64  cm  plates  with  polished  surfaces  into  which 
cracks  had  been  introduced  via  a  Knoop  indentor. 
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Measurements  were  made  at  a  frequency  of  about 
8.5  MHz  ,  corresponding  to  an  acoustic  wavelength 
of  about  680  pm  .  Two  wedge  transducers  in  the 
configuration  shown  in  Fig.  6  were  used  to  excite 
and  receive  the  acoustic  signals.  The  experimental 
values  for  the  reflection  coefficient  thus  obtained 
were  then  corrected  for  diffraction  loss,  the  sur¬ 
face  wave  conversion  efficiencies  of  the  trans¬ 
ducers,  and  for  the  effect  of  the  transmitted  and 
reflected  acoustic  beams  each  being  at  an  angle  a 
from  the  crack  normal . 


Figure  5  -  Comparison  of  the  results  for  the  nor¬ 
malized  reflection  coefficient,  wk|Sn|, 
as  a  function  of  the  normalized  crack 
depth  for  the  half-penny  shaped  crack 
theory  and  the  elliptical  crack  theory. 
The  normalized  crack  depth  is  defined 
for  each  theory  by  the  quantities  2naA 
and  2it(b  +  h) /X  ,  respectively. 


Figure  6  -  Experimental  scattering  configuration 
used.  In  our  study,  a  =  12.5°  . 

Measurements  were  carried  out  on  both  annealed 
and  as-indented  samples.  One  sample  was  annealed 
in  air  and  another  in  a  vacuum  with  an  annealing 
period  of  about  six  hours  at  a  temperature  of 
1200°C  .  An  additional  three  samples  were  tested 
in  their  as-indented  state.  For  all  five  samples, 
we  monitored  the  change  in  tee  acoustic  reflection 
coefficient  while  the  samples  were  slowly  stressed 
to  fracture  in  a  3-point  bending  jig. 

Annealed  Samples  -  We  found  that  the  cracks  in  the 
annealed  sampleY  are  fairly  well  modelled  by  the 
open  half-penny  shaped  crack  theory  described  in 
the  previous  section,  subject  to  the  additional 
observation  that  in  the  unstressed  state,  partial 
crack  closure  occurs  (Fig.  7).  As  shown  in  Figs. 

8  and  9,  loading  the  sample  from  zero  stress  to 
fracture  produces  a  steady  increase  in  the  acoustic 
prediction  for  the  crack  depth.  We  additionally 
observe  that  if,  after  a  period  of  loading,  the 
load  is  reversed  until  the  stress  in  the  vicinity  of 
the  crack  approaches  zero,  the  crack  size  estimates 
tend  to  return  to  very  near  the  intial  value 


observed  for  the  unstressed  sample  (Fig.  9).  Appli¬ 
cation  of  a  load  to  the  cracked  sample  thus  has  the 
effect  of  causing  the  crack  to  open,  as  indicated 
by  the  increase  in  the  acoustic  size  estimates  with 
increasing  load;  however,  subsequent  removal  of  the 
load  results  in  u  return  of  the  crack  to  its  origi¬ 
nal  partially  closed  state.  Verification  of  this 
interpretation  is  obtained  upon  inspection  of  the 
fracture  surface  (Fig.  10).  Here,  only  the  Initial 
flaw  produced  by  the  Knoop  indentor  is  in  evidence, 
as  indicated  by  the  single  ring  near  the  sample 
surface.  Lastly,  we  compare  the  acoustic  estimate 
for  the  crack  depth  at  fracture  with  the  optically 
measured  crack  depth  (Table  1).  For  both  samples, 
agreement  between  these  two  values  is  quite  good, 
with  the  deviation  of  the  acoustically  predicted 
values  from  the  actual  values  being  less  than  17%  . 


Figure  7  -  Fracture  model  for  crack  in  an  annealed 
sample.  Cg  is  the  depth  of  the  initial 
flaw  produced  by  the  Knoop  indentor.  In 
the  unstressed  state,  the  crack  is  par¬ 
tially  closed,  as  indicated. 


Figure  8  -  Stress  versus  acoustic  estimates  of  the 
crack  depth  for  the  sample  annealed  in 
air  (sample  1).  Crack  depth  estimates 
are  obtained  using  the  half-penny  shaped 
crack  theory  (crack  depth,  C  ,  then 
equals  the  half-penny  shaped  crack 
radius,  a  ).  The  kink  observed  in  the 
curve  is  believed  to  be  an  effect  of  the 
severe  surface  oxidation  which  occurred 
during  the  annealing  process. 

As-Indented  Samples  -  The  fracture  model  for  the  cracks 
in  the  as-indented  samples  differs  considerably  from  the 
model  for  the  cracks  in  the  annealed  samples.  Firstly, 
there  is  crack  closure  at  the  sample  surface  in  the  vic¬ 
inity  of  the  Knoop  indentation  (Fig.  11).  This  arises 
because  the  Knoop  indentation  technique  used  to 
produce  the  crack  creates  a  plastic  deformation 
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region  in  the  neighborhood  of  the  indentation  in 
which  the  residual  stress  fields  have  not  been 
relieved  as  in  the  annealed  samples.  The  second 
difference  is  that  as  the  cracked  sample  is  stressed 
to  fracture,  the  crack  grows  from  an  initial  depth 
of  Cq  to  a  final  fracture  depth  of  Cm  . 


CRACK  DEPTH  1/jnil 

Figure  9  -  Stress  versus  acoustic  estimates  of  the 
crack  depth  for  the  vacuum-annealed 
sample  (sample  2).  Two  unload-reload 
cycles  were  performed  on  this  sample. 
Crack  depth  estimates  were  obtained  using 
the  half-penny  shaped  crack  theory 
(crack  depth,  C  ,  equals  half-penny 
shaped  crack  radius,  a  ). 


h*— H —  l.l  mm 

Figure  10  -  Typical  fracture  surface  for  crack  in 
an  annealed  sample. 

The  first  problem  that  we  encounter  is  that 
our  earlier  scattering  theory  based  on  the  model 
of  an  open  half-penny  shaped  crack  no  longer  is 
applicable  here.  We  have  not  yet  developed  a  theory 
which  accurately  models  the  surface  closure  charac¬ 
teristic  of  these  as-indented  cracks;  however,  we 
have  worked  out  a  theory  based  on  a  very  crude 
approximation  for  the  actual  crack  configuration 
which  gives  surprisingly  good  crack  size  predic¬ 
tions.  This  theory  approximates  the  actual  crack 


by  an  elliptical  crack  with  semi-major  axis  a  and 
semi -mi nor  axis  b  where  the  surface  closure  effect 
is  modelled  by  removing  the  elliptical  crack  center 
to  a  position  a  distance  h  below  the  sample  sur¬ 
face  (b  <  h  ;  Fig.  12).  We  can  evaluate  the 
reflection  coefficient  for  a  Rayleigh  wave  normally 
incident  on  this  type  of  crack  configuration  much 
as  we  did  earlier.  Again,  the  reflec¬ 

tion  coefficient  is  given  by  Eq.  (2).  Here,  how¬ 
ever,  we  must  use  a  neneralized  form  of  Eq.  (3)  to 
relate  the  surface>'Tit-‘jgral  in  Eq.  (2)  to  the  con¬ 
tour  integral  involving  the  stress  intensity  factor, 
Kj  ,  namely 

r  A  2(1  -  vZ)  _  2 

J  AuzazzdS  =  - J  p(r)K,(e)dt  (6) 

s  3E  c 

In  Eq.  (6),  tjne  quantity  p(r)  is  defined  for  a 
given  point  r  on  the  crack  circumference  C  as 
the  perpendicular  to  the  tangent  line  at  r  ,  which 
passes  through  the  origin  of  the  crack  coordinate 
system.  Shah  and  Kobayashi9  have  evaluated  the 
angular  dependence  of  the  stress  intensity  factor 
for  this  type  of  crack  subject  to  a  bending  load. 

The  form  for  the  applied  stress  is  again  linear 

A  b  -  y 

a"z(y)  =  Cj  +  C2  -  (7) 

b 


where  Cj  and  C£  are  constants.  In  terms  of  Cj 
and  C2  ,  and  the  functions  Mp(e)  and  M^(0) 
numerically  evaluated  by  Shah  and  Kobayashi,  the 
stress  intensity  factor  may  be  written  in  the  form 


/fib/ a  n  o  p  o  l/4( 

Kj (0)  =  — —  (a‘cos  0  +  b  sinS)  jCj^fe) 


+  c2ML(e) 


k2E(k)  cos  0 


M  +  If  iFfH 
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(8) 


Here,  K(k)  and  E(k)  are  complete  elliptic 
integrals  of  the  first  and  second  kinds,  respec¬ 
tively,  and  the  quantities  k  and  k'  are  defined 

by 


k2  =  1  -  (b/af 

(k')2  =  (b/a)2 


(9) 


Mj(0 )  and  M|_(e)  represent  the  stress  intensity 
magnification  factors  for  tne  elliptical  crack  con¬ 
figuration  shown  in  Fig.  12  for  the  respective  cases 
of  a  uniform  applied  stress  and  a  linearly  varying 
applied  stress.  These  functions  have  been  calcu¬ 
lated  by  Shah  and  Kobayashi  for  various  values  of 
the  aspect  ratio,  b/a  ,  and  the  depth  ratio,  b/h  . 

As  in  the  actual  crack,  the  crack  width  is  roughly 
twice  the  crack  depth,  and  the  region  of  surface 
closure  is  shallow  compared  to  the  maximum  crack  depth. 
We  have  chosen  to  use  the  Shah  and  Kobayashi  results 
for  Mp(e)  and  M[_(e)  given  for  the  parameter 
values  b/a  =  0.6  and  b/h  =  0.9  (Figs.  13  and 
14).  The  result  for  the  normalized  reflection 
coefficient,  wk|Su|  ,  as  a  function  of  the  nor¬ 
malized  crack  depth  2u(b  +  h)/X  ,  is  then  given  by 
the  solid  curve  in  Fig.  5. 
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Figure  11  -  Fracture  model  for  an  as-indented  crack. 
Cq  Is  the  depth  of  the  initial  flaw 
produced  by  the  Knoop  Indentor;  Cm  is 
the  depth  to  which  the  crack  grows, 
before  fracturing.  Crack  closure  occurs 
at  the  surface  In  the  vicinity  of  the 
Knoop  indentation. 


Figure  12  -  Schematic  of  elliptical  crack  theory 
geometry. 


Figure  13  -  Stress  intensity  magnification  factor 
as  a  function  of  the  angle  0  for  the 
elliptical  crack  configuration  of 
Fig.  12,  subject  to  a  uniform  applied 
stress  (after  Shah  and  Kobayashi*). 
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Figure  14  -  Stress  intensity  magnification  factor 
as  a  function  of  the  angle  6  for  the 
elliptical  crack  configuration  of 
Fig.  12,  subject  to  a  linearly  varying 
applied  stress  (after  Shah  and 
Kobayashi9) . 


We  used  this  crude  theoretical  model  to  give 
crack  size  estimates  for  the  as-indented  samples. 

As  with  the  cracks  in  the  annealed  samples,  there 
is  a  steady  Increase  in  the  crack  depth  estimates 
with  increasing  load  (Figs.  15,  16,  and  17).  How¬ 
ever,  with  these  cracks,  crack  growth  occurs,  as 
indicated  by  the  failure  of  the  cracks  to  return  to 
their  original  sizes  upon  subsequent  unloading.  In 
addition,  a  small  decrease  in  the  crack  size  esti¬ 
mates  is  observed  when  the  load  is  relieved,  thus 
indicating  a  slight  tendency  of  the  cracks  towards 
partial  closure  at  the  lower  boundary  upon  unload¬ 
ing.  Continuous  growth  of  the  crack  until  fracture 
is  evidenced  in  Fig.  16  where  two  unload-reload 
cycles  were  performed.  In  each  cycle.  It  is  appar¬ 
ent  that  the  crack  never  fully  returns  to  the  size 
it  had  previously  when  the  stress  is  reduced  to  near 
zero  values. 

550  r- 


500 


Figure  15  -  Stress  versus  acoustic  estimates  of  the 
crack  depth  for  as-indented  sample  4. 
One  unload-reload  cycle  was  performed. 
The  crack  depth,  C  ,  equals  the 
quantity  b  +  h  (see  Fig.  12). 
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Figure  16  -  Stress  versus  acoustic  estimates  of 
the  crack  depth  for  as-indented 
sample  5.  Two  unload-reload  cycles 
were  performed.  The  crack  depth,  C  , 
equals  the  quantity  b  +  h  (see 
Fig.  12). 


JSO 


l.l  mvn 


Figure  17  -  Stress  versus  acoustic  estimates  of  the 
crack  depth  for  as-indented  sample  6, 

One  unload-reload  cycle,  where  the 
sample  was  fully  unloaded,  was  per¬ 
formed.  The  crack  depth,  C  ,  equals 
the  quantity  b  +  h  (see  Fig.  12). 

Examination  of  a  typical  fracture  surface  for 
these  samples  reveals  the  presence  of  two  rings 
near  the  sample  surface  (Fig.  18).  The  inner  ring 
represents  the  extent  of  the  initial  flaw  produced 
at  the  time  of  indentation.  The  outer  ring  indi¬ 
cates  the  extent  to  which  the  crack  grew  before 
fracture  occurred.  A  comparison  of  the  acoustic 
estimates  for  tne  initial  crack  depth,  Cg  ,  and 
the  depth  at  fracture,  Cm  ,  with  the  corresponding 
values  measured  optically  is  given  in  Table  II, 
Considering  the  crudeness  of  the  model  used  to 
obtain  the  acoustic  estimates,  the  agreement 
between  these  values  is  remarkably  good. 

Lastly,  we  compare  the  fracture  stresses  of 
the  five  samples.  From  Tables  I  and  II,  we  note 
that  the  crack  depths  at  fracture  for  the  annealed 
samples  tend  to  be  much  less  than  those  for  the 
as-indented  samples.  Thus,  we  expect  t’e  annealed 
samples  to  fracture  at  higher  stress  values  than 
the  as-indented  samples.  In  Table  III,  we  show  that 
this  is  indeed  the  case. 


Figure  18  -  Typical  fracture  surface  for  crack  in 
an  as-indented  sample. 

CONCLUSION 

We  conclude  that  the  acoustic  technique  is  a 
powerful  method  for  observing  fracture  of  surface 
cracks  in  ceramics.  Major  differences  in  the 
fracture  behavior  of  cracks  in  annealed  and 
unannealed  samples  have  been  documented. 

It  is  apparent  that  there  is  a  need  to  improve 
the  acoustic  scattering  formulae  and  the  estimates 
of  the  stress  intensity  factor  for  cracks  closed  at 
the  sample  surface,  A  theory  by  which  to  accurately 
predict  how  a  partially  closed  annealed  crack  opens 
under  applied  stress  would  also  be  of  considerable 
interest.  We  are  currently  developing  a  variational 
method  to  deal  with  the  problems  encountered  in  the 
scattering  theory  and  are  considering  simple 
theories  to  deal  with  the  latter  problem. 
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TABLE  I:  Annealed  Samples 
Cg  =  initial  crack  depth 
=  crack  depth  at  fracture 


Acoustic 

Actual 

Sample 

Cm  (lim) 

Cm  M 

Deviation 

1 

134 

115 

17% 

2 

125 

115 

1% 
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TABLE  II:  As-Indented  Samples 
Cq  *  Inttl al  crack  depth 
Cm  =  crack  depth  at  fracture 


Sample 

Acoustic 

Cq  (pm) 

Actual 

Cq  (uro) 

Deviation 

4 

97 

116 

16* 

5 

94 

112 

16* 

6 

96 

112 

14* 

Sample 

Acoustic 

Cm  (um) 

Actual 

Cm  (ym) 

Deviation 

4 

184 

220 

16* 

5 

191 

223 

14* 

6 

185-191 

205 

7-10% 

TABLE  III:  F’ 

'acture  Stresses 

Sample 

Fracture  Stress  (MPa) 

Annealed: 

1 

332 

2 

340 

As- Indented:  4 

238 

239 

6 

242 
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LOW  FREQUENCY  CHARACTERIZATION  OF  FLAWS  IN  CERAMICS 
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Thousand  Oaks,  California  91360 


ABSTRACT 

There  Is  an  Increasing  need  for  the  characterization  of  small  flaws  in  ceramic  components.  This 
project  Is  concerned  with  detecting  and  characterizing  flaws  in  the  bulk  of  ceramic  parts.  Cylindrical 
tensile  test  specimens  of  hot  pressed  Si 3 Ni*  are  being  prepared  and,  when  available,  will  be  Inspected. 

In  preparation  for  the  arrival  of  the  samples,  measurement  techniques  have  been  developed  for  inspection 
of  cylindrical  shaped  samples,  signal  processing  techniques  have  been  developed  for  obtaining  flaw 
scattering  data  over  a  broad  range  of  frequencies  and  analysis  techniques  have  been  developed  to 
automatically  extract  flaw  characteristics  from  measured  data. 


INTRODUCTION 

Ceramic  components  are  being  considered  for 
use  in  a  variety  of  industrial  applications. 

Their  high  strength  and  high  temperature 
capabilities  make  they  excellent  candidates  for 
use  in  jet  engines  and  as  high  performance  ball 
bearings.  In  order  for  ceramic  components  to 
qualify  for  service,  it  will  be  necessary  to 
develop  NDE  techniques  vrtiich  can  detect  and 
characterize  critical  flaws  in  structural 
ceramics.  Critical  flaw  sizes  in  ceramics  are 
smaller  than  in  metals,  being  typically  tens  to 
hundreds  of  microns. 

This  requires  the  use  of  higher  frequency 
ultrasound  and  more  sophisticated  flaw  character¬ 
ization  techniques  than  have  previously  been 
employed. 

In  the  previous  year  of  this  program  [1], 
samples  of  hot  pressed  Si3N4  were  seeded  with 
small  flaws  (100  um  to  400  urn  diameter).  Ultra¬ 
sonic  measurements  of  these  flaws  were  made  and  2 
features  of  the  flaw  signals  were  extracted:  a 
radius  estimate  obtained  from  the  Born  Inversion 
and  As,  the  coefficient  of  scattering  at  long 
wavelengths.  The  features  were  combined  in  a 
probabilistic  inversion  algorithm  which  success¬ 
fully  estimated  the  flaw  size  and  the  material  of 
which  the  flaw  is  composed. 

In  this  year's  program,  samples  containing 
only  naturally  occurring  flaws  are  being  examined. 
The  samples  are  cylindrical  tensile  test  specimens 
made  of  hot  pressed  SI3N4  which  are  scheduled  to 
become  available  shortly.  These  samples  will  be 
inspected  for  bulk  and  surface  flaws  and  then 
tested  to  failure.  It  will  be  determined  whether 
failure  originated  at  flaws  which  were  detected 
ultrasonlcally  and  if  so,  how  well  the  failure 
stress  could  have  been  predicted  by  fracture 
mechanics  from  the  estimated  flaw  properties. 

This  task  of  the  program  is  concerned  with 
detecting  and  characterizing  bulk  flaws  in  the 
samples.  In  order  to  accomplish  this  goal,  it  has 
been  necessary  to  develop  new  techniques  in  3 
areas : 

•  Inspection  through  curved  surfaces 


•  Obtaining  sufficiently  broad  bandwidth 
scattering  measurements 

•  Automating  the  flaw  characterization 
process. 

Inspection  through  cylindrical  surfaces  has 
been  performed  on  aluminum  rods  with  the  same 
dimensions  as  the  ceramic  samples  will  have.  Both 
cyllndrically  and  spherically  focussed  transducers 
have  been  used.  Excellent  detectability  of  a 
simulated  1000  um  flaw  was  achieved,  indicating 
that  significantly  smaller  flaws  should  also  be 
detectable. 

In  order  to  obtain  broad  bandwidth  ultrasonic 
scattering  data,  a  technique  has  been  developed  to 
combine,  in  a  statistically  optimum  manner, 
ultrasonic  measurements  from  a  set  of  transducers 
at  different  frequencies.  This  technique  can 
provide  the  broad  bandwidth  needed  to  successfully 
characterize  flaws  over  a  significant  range  of 
sizes. 

Automating  of  the  flaw  characterization 
process  has  been  pursued  on  several  fronts.  The 
extraction  of  the  low  frequency  features  A2  and  t 
from  measurements  has  been  performed  in  a  statis¬ 
tically  optimum  manner  designed  to  make  the  pro¬ 
cess  less  sensitive  to  noise  in  the  measurements. 
Also,  *he  Born  Inversion  technique  has  been  de¬ 
velop  into  a  practical  form  and  the  accuracy  of 
its  ri  ults  in  the  presence  of  noise  and  limited 
bandwidth  have  been  measured.  Finally,  a  tech¬ 
nique  has  been  developed  for  determining  vrfiether  a 
flaw  signal  is  more  likely  to  be  due  to  a  crack  or 
to  2  pores  located  near  one  another. 

INSPECTION  THROUGH  CURVED  SURFACES 

The  test  specimens  to  be  examined  are  cylin¬ 
drical  tensile  specimens  made  of  hot  pressed 
silicon  nitride.  Figure  1  shows  a  sketch  of  their 
shape.  Failure  in  the  test  specimens  will  likely 
occur  in  the  central  or  gage  section.  This 
section  is  a  cylinder  of  1/4  in.  diameter.  The 
goal  of  this  task  is  to  inspect  and  characterize 
bulk  flaws  (voids  and  inclusions)  in  the  speci¬ 
mens.  In  order  to  do  this,  it  is  necessary  to 
deal  with  the  severe  refraction  vrfilch  occurs  vrtien 
ultrasound  enters  a  high  velocity  material  such  as 
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silicon  nitride.  Consider  a  plane  wave  Incident 
from  water  onto  a  cylinder,  perpendicular  to  the 
axis  of  the  cylinder.  The  wave  will  diverge 
severely  once  within  the  cylinder  and  relatively 
little  energy  will  Impinge  on  a  small  bulk  flaw. 


1  l 


Fig.  1  Cylindrical  tensile  specimens  made 
of  hot  pressed  Si3N4. 


Fig.  2  Cyllnderically  focussed  sound  beam 
Incident  on  cylinder.  Varying 
distance  of  transducer  from  cylinder 
can  cause  focusing  anywhere  within 
or  beyond  cylinder. 


Intercepting  the  entire  sound  beam.  This  small 
focal  spot  size  will  allow  the  concentration  of  a 
significant  amount  of  sound  energy  on  the  smaller 
flaws  which  are  of  interest  In  ceramics. 


In  order  to  overcome  this  difficulty,  one  can 
use  instead  a  focussed  Incident  beam.  Figure  2 
shows  2  cases  of  a  cyl Indrlcally  focussed  sound 
beam  Incident  on  a  cylinder.  If  the  distance  of 
the  transducer  from  the  cylinder  Is  such  that  in 
the  absence  of  the  cylinder  the  sound  beam  would 
have  focussed  at  the  location  of  the  center  of  the 
cylinder,  then  the  sound  beam  will  focus  at  the 
center  of  the  cylinder.  This  Is  shown  in  the  left 
hand  sketch  of  Fig.  2.  If  the  transducer  Is  moved 
up  or  down,  the  focal  point  will  move  up  or  down 
in  the  cylinder.  The  right  hand  sketch  shows  the 
case  where  the  transducer  has  been  moved  down  far 
enough  that  the  sound  beam  is  plane  within  the 
cylinder.  Thus  the  sound  energy  can  be  concen¬ 
trated  at  any  desired  point  In  the  cylinder  for 
obtaining  good  flaw  measurements. 

Figure  3  shows  experimental  measurements  made 
to  test  this  measurement  method.  In  order  to 
simulate  the  ceramic  samples,  measurements  were 
made  on  a  1/4  In.  diameter  alumimm  rod  using  a  20 
MHz  3/8  in.  diameter  cyl Indrlcal ly  focussed  trans¬ 
ducer  with  a  focal  length  of  3/8  In.  in  water. 

The  transducer  was  set  to  focus  on  the  center  of 
the  rod.  The  lower  curve  in  Fig.  3  shows  the 
signal  measured  from  a  rod  with  no  flaw  in  it. 
There  is  an  echo  from  the  front  surface  of  the  rod 
(which  heavily  saturated  the  receiving  elec¬ 
tronics)  and  an  echo  from  the  back  surface  of  the 
rod.  The  region  in  between  is  seen  to  be  free  of 
unwanted  echos  which  could  Interface  with  flaw 
detections  and  characterization.  The  upper  curve 
in  Fig.  3  shows  the  signal  received  from  a  rod 
containing  a  1000  ym  diameter  end-drilled  hole. 

It  Is  seen  that  there  is  substantial  echo  from  the 
hole  as  well  as  a  second  echo  caused  by  the  sound 
pulse  traveling  2  round  trips  between  the  hole  and 
the  front  surface.  The  fact  that  there  is  no  de¬ 
tectable  back  surface  echo  indicates  that  the 
focal  spot  size  Is  smaller  than  the  hole  diameter 
(1000  ym)  and  that  the  hole  Is  therefore 
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Fig.  3  Measurements  with  a  cyl Indrlcally 

focussed  sound  beam  on  a  cylindrical 
specimen.  Top:  with  end-drilled 
hole  to  simulate  flaw.  Bottom:  with¬ 
out  end-drilled  hole. 

The  focus  of  the  cylindrical  transducer  is  a 
line  focus  comparable  in  length  to  the  diameter  of 
the  transducer.  Real  flaws  In  ceramics  will  like¬ 
ly  be  more  sphere-like  than  the  long  cylindrical 
end-drilled  hole  flaw  examined  above.  Therefore 
only  a  portion  of  the  cyl indrlcally  focussed  beam 
will  impinge  on  the  flaw.  An  alternative  approach 
which  offers  some  advantages  over  the  cylindrical 
transducer  is  the  spherically  focussed  transducer. 
In  this  case,  the  axial  extent  of  the  focal  spot 
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In  the  rod  will  be  much  shorter,  providing  a  bet¬ 
ter  concentration  of  the  sound  axially.  Unfortu¬ 
nately,  the  sound  vrfiich  enters  the  part  out  of  the 
plane  perpendicular  to  the  axis  of  the  rod  will 
focus  at  a  different  depth  than  the  in-plane  sound 
will.  Thus  the  focal  spot  will  be  distorted  some¬ 
what  in  a  vertical  (radial)  direction. 

Measurements  with  a  1/4  in.  diameter  spher¬ 
ically  focussed  transducer  with  a  1  in.  focus  In 
water  are  shown  in  Fig.  4.  The  lower  curve  shows 
the  flaw-free  case.  As  expected,  the  background 
noise  level  is  higher  than  for  the  cyllndrically 
focussed  case.  The  upper  curve  shows  the  echo 
from  the  end  drilled  hole  with  about  a  30  dB 
signal  to  noise  ratio.  Also  visible  are  a  second 
hole  echo  (1.9  y s ) ,  a  backsurface  echo  (2.3  ys) 
and  a  creep  wave  vrfilch  has  travelled  around  the 
hole  (1.5  us). 
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Fig.  4  Measurements  with  a  spherically  focused 
sound  heam.  Top:  with  end-drilled  hole. 
Bottom:  without  end-drilled  hole. 

For  successful  flaw  characterization  it  will 
be  necessary  to  remove  the  spectrum  of  the  in¬ 
cident  pulse  frao  the  flaw  echos.  This  will  be 
done  by  machining  a  flat  surface  on  one  of  the 
ceramic  samples  parallel  to  its  axis.  The  echo 
from  this  surface  will  then  be  used  to  deconvolve 
the  flaw  echos. 

BROADBAND  SCATTERING  MEASUREMENTS 

The  flaw  characterization  techniques  being 
developed  by  the  research  community  make  use  of 
the  frequency  content  of  the  scattering  from  flaws 
rather  than  using  only  the  peak  amplitude  of  the 
scattered  signal,  as  has  traditionally  been 
done.  Therefore,  it  is  important  to  be  able  to 
measure  the  scattering  properties  of  flaws  over  a 
broad  range  of  frequencies.  Conventional  ultra¬ 
sonic  transducers  have  a  limited  bandwidth, 
typically  about  2  octaves.  A  technique  has  been 
developed  which  will  combine  the  data  measured  by 
a  set  of  transducers  at  different  frequencies. 

This  combining  is  performed  in  an  optimum  manner 
with  respect  to  the  noise  sources  which  are  pre¬ 
sent  in  the  signals  from  each  transducer.  We 
first  present  a  statistical  treatment  of  the 
measurement  process  for  a  single  transducer  and 


then  extend  the  treatment  to  the  multiple  trans¬ 
ducer  case. 

For  a  single  ultrasonic  transducer  operated  in 
pulse-echo  mode  or  for  a  pair  of  transducers  oper¬ 
ated  in  pitch-catch  mode,  the  received  signal  from 
a  flaw  consists  of  the  impulse  response  of  the 
flaw  convolved  with  the  impulse  response  of  the 
measurement  system,  which  Includes  transducer, 
electronics,  cabling,  coupling  and  propagation  ef¬ 
fects.  There  will,  In  addition,  be  one  or  more 
sources  of  noise  (random  or  systematic)  in  the 
signal.  The  process  of  removing  the  properties  of 
the  measurement  system  is  therefore  one  of 
deconvolution. 

When  viewed  in  the  frequency  domain,  the  mea¬ 
sured  signal  Is  the  product  of  the  flaw  scattering 
amplitude  and  the  spectral  response  of  the  mea¬ 
surement  system,  plus  noise.  The  algorithms  de¬ 
rived  in  this  paper  will  be  concerned  wdth  esti¬ 
mating  the  flaw  scattering  amplitude  A  in  the  fre¬ 
quency  domain.  An  estimate  of  the  Impulse  re¬ 
sponse  of  the  flaw  (in  the  time  domain)  can  easily 
be  obtained  by  performing  an  Inverse  Fourier 
transform  on  the  frequency  domain  estimate. 

Equation  1  is  a  measurement  model  which  in¬ 
cludes  3  noise  sources  which  are  conwonly 
encountered. 

f(u)  =  p(w)[A(«)  +  Vj(w)  +  v,,(w)]  +  Vj(ui)  (1) 
where 

f(u>)  **  measured  signal 
p(m)  *  transducer  spectrum 
A(ui)  «  flaw  scattering  amplitude 
vjM  »  coherent  clutter 
vj>( ui)  =  grain  scattering 
v3(u))  =  electronic  noise 

The  three  terms  vi,  v?  and  v,  are  the  three 
noise  sources.  Each  is  described  below.  An 
important  aspect  of  each  is:  what  is  Its  frequency 
dependence?  The  algorithms  developed  below  must 
take  the  frequency  dependences  of  the  noise 
sources  into  account  in  order  to  obtain  optimum 
estimates. 

vj  is  noise  in  the  electronic  circuitry  used 
in  the  measurements.  It  is  expected  (and  ob¬ 
served)  to  be  vrfiite  (au°)  at  the  frequencies  of 
interest.  It  can  also  include  quantization  noise 
of  an  A/D  converter  If  one  is  used. 

vj  and  \>2  are  of  acoustic  origin  and  have 
therefore  been  multiplied  (convolved  in  the  time 
domain)  by  the  transducer  and  system  response 
p(iu).  vj  and  v2  include  a  number  of  noise  mecha¬ 
nisms  which  are  grouped  into  these  two  categories 
according  to  their  frequency  dependences.  These 
noise  sources  are  not  random  in  the  sense  of  vary¬ 
ing  with  time.  Rather  they  are  a  coherent  part  of 
the  measured  signal  as  long  as  the  measurement  ap¬ 
paratus  is  unchanged,  Howevar,  they  are  randan  in 
the  sense  that  they  vary  from  sample  to  sample 
and/or  cannot  be  corrected  for  in  the  measurement 
process.  Therefore,  they  degrade  the  measurements 
and  must  be  taken  Into  account  when  seeking  to  do 
optimum  flaw  characterization. 

vi  Includes  signal  sources  such  as  reflections 
from  nearby  obstacles  or  surfaces  or  remnants  of 
earlier  arriving  but  much  larger  echoes.  Their 
frequency  dependence  is  about  the  same  as  that  of 
the  incident  pulse.  Therefore,  the  frequency 


in  the  rod  will  be  much  shorter,  providing  a  bet¬ 
ter  concentration  of  the  sound  axially.  Unfortu¬ 
nately,  the  sound  which  enters  the  part  out  of  the 
plane  perpendicular  to  the  axis  of  the  rod  will 
focus  at  a  different  depth  than  the  in-plane  sound 
will.  Thus  the  focal  spot  will  be  distorted  some¬ 
what  in  a  vertical  (radial)  direction. 

Measurements  with  a  1/4  in.  diameter  spher¬ 
ically  focussed  transducer  with  a  1  in.  focus  in 
water  are  shown  in  Fig.  4.  The  lower  curve  shows 
the  flaw-free  case.  As  expected,  the  background 
noise  level  is  higher  than  for  the  cylindrically 
focussed  case.  The  upper  curve  shows  the  echo 
from  the  end  drilled  hole  with  about  a  30  dB 
signal  to  noise  ratio.  Also  visible  are  a  second 
hole  echo  (1.9  us),  a  backsurface  echo  (2.3  ps) 
and  a  creep  wave  which  has  travel  1  *  around  the 
hole  (1.5  us). 
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Fig.  4  Measurements  with  a  spherically  focused 
sound  beam.  Top:  with  end-drilled  hole. 
Bottom:  without  end-drilled  hole. 

For  successful  flaw  characterization  it  will 
be  necessary  to  remove  the  spectrum  of  the  in¬ 
cident  pulse  from  the  flaw  echos.  This  will  be 
done  by  machining  a  flat  surface  on  one  of  the 
ceramic  samples  parallel  to  its  axis.  The  echo 
from  this  surface  will  then  be  used  to  deconvolve 
the  flaw  echos. 

BROADBAND  SCATTERING  MEASUREMENTS 


The  flaw  characterization  techniques  being 
developed  by  the  research  community  make  use  of 
the  frequency  content  of  the  scattering  from  flaws 
rather  than  using  only  the  peak  amplitude  of  the 
scattered  signal,  as  has  traditionally  been 
done.  Therefore,  it  is  important  to  be  able  to 
measure  the  scattering  properties  of  flaws  over  a 
broad  range  of  frequencies.  Conventional  ultra¬ 
sonic  transducers  have  a  limited  bandwidth, 
typically  about  2  octaves.  A  technique  has  been 
developed  which  will  combine  the  data  measured  by 
a  set  of  transducers  at  different  frequencies. 

This  combining  is  performed  in  an  optimum  manner 
with  respect  to  the  noise  sources  which  are  pre¬ 
sent  in  the  signals  from  each  transducer.  We 
first  present  a  statistical  treatment  of  the 
measurement  process  for  a  single  transducer  and 


then  extend  the  treatment  to  the  multiple  trans¬ 
ducer  case. 

For  a  single  ultrasonic  transducer  operated  in 
pulse-echo  mode  or  for  a  pair  of  transducers  oper¬ 
ated  in  pitch-catch  mode,  the  received  r.<  inal  from 
a  flaw  consists  of  the  impulse  respons  the 
flaw  convolved  with  the  impulse  respo  ,  the 
measurement  system,  which  includes  tru,,.,ducer, 
electronics,  cabling,  coupling  and  propagation  ef¬ 
fects.  There  will,  in  addition,  be  one  or  more 
sources  of  noise  (random  or  systematic)  in  the 
signal.  The  process  of  removing  the  properties  of 
the  measurement  system  is  therefore  one  of 
deconvolution. 

When  viewed  in  the  frequency  domain,  the  mea¬ 
sured  signal  is  the  product  of  the  flaw  scattering 
amplitude  and  the  spectral  response  of  the  mea¬ 
surement  system,  plus  noise.  The  algorithms  de¬ 
rived  in  this  paper  will  be  concerned  with  esti¬ 
mating  the  flaw  scattering  amplitude  A  in  the  fre¬ 
quency  domain.  An  estimate  of  the  Impulse  re¬ 
sponse  of  the  flaw  (in  the  time  domain)  can  easily 
be  obtained  by  performing  an  inverse  Fourier 
transform  on  the  frequency  domain  estimate. 

Equation  1  is  a  measurement  model  v*iich  in¬ 
cludes  3  noise  sources  which  are  commonly 
encountered. 

f (to)  -  p(w)[A(w)  +  v,  (m)  +  Vg ( to ) ]  +  \>j(w)  (1) 

where 


-f (to)  =  measured  signal 
p ( to)  =  transducer  spectrum 
A(w)  =  flaw  scattering  amplitude 
vi  (u>)  =  coherent  clutter 
v2(w)  =  grain  scattering 
-  electronic  noise 

The  three  terms  vj ,  V2  and  v3  are  the  three 
noise  sources.  Each  is  described  below.  Ar 
important  aspect  of  each  is:  what  is  its  frequency 
dependence?  The  algorithms  developed  below  must 
take  the  frequency  dependences  of  the  noise 
sources  into  account  in  order  to  obtain  optimum 
estimates. 

V3  is  noise  in  the  electronic  circuitry  used 
in  the  measurements.  It  is  expected  (and  ob¬ 
served)  to  be  white  (aw0)  at  the  frequencies  of 
interest.  It  can  also  include  quantization  noise 
of  an  A/D  converter  if  one  is  used. 

vi  and  V2  are  of  acoustic  origin  and  have 
therefore  been  multiplied  (convolved  in  the  time 
domain)  by  the  transducer  and  system  response 
P(c>).  vj  and  v2  include  a  number  of  noise  mecha¬ 
nisms  which  are  grouped  into  these  two  categories 
according  to  their  frequency  dependences.  These 
noise  sources  are  not  random  in  the  sense  of  vary¬ 
ing  with  time.  Rather  they  are  a  coherent  part  of 
the  measured  signal  as  long  as  the  measurement  ap¬ 
paratus  is  unchanged.  However,  they  are  randan  in 
the  sense  that  they  vary  from  sample  to  sample 
and/or  cannot  be  corrected  for  in  the  measurement 
process.  Therefore,  they  degrade  the  measurements 
and  must  be  taken  into  account  when  seeking  to  do 
optimum  flaw  characterization. 

vi  includes  signal  sources  such  as  reflections 
from  nearby  obstacles  or  surfaces  or  remnants  of 
earlier  arriving  but  much  larger  echoes.  Their 
frequency  dependence  is  about  the  same  as  that  of 
the  incident  pulse.  Therefore,  the  frequency 
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dependence  of  vj  is  w°.  v2  Is  due  to  grain  scat¬ 
tering  in  the  material  being  tested.  It  Is  Ray¬ 
leigh  scattering  off  of  many  grains  which  are 
smaller  than  the  flaw  and  its  power  spectrin  is 
therefore  proportional  to  u4. 

Which  of  these  noises  is  dominant  depends  on 
the  type  of  material  being  inspected  and  on  what 
frequency  range  is  being  considered.  In  fine 
grained  materials,  grain  scattering  noise  may  be 
insignificant,  although  If  that  is  the  case  one 
may  choose  to  go  to  higher  frequencies  in  search 
of  smaller  flaws  and  better  resolution.  In  this 
case,  grain  scattering  may  be  the  limiting  noise 
at  high  frequencies.  At  frequencies  low  enough 
that  the  wavelength  is  larger  than  the  flaw,  the 
scattering  amplitude  of  the  flaw  drops  off  as  w2 
(Rayleigh  scattering).  In  this  case,  vj  becomes 
dominant.  At  very  low  and  very  high  frequencies, 
where  there  is  little  energy  in  the  incident  sound 
pulse,  \)3  will  become  dominant. 

In  order  to  obtain  an  optimum  estimate  of  the 
scattering  amplitude  of  a  flaw  In  the  presence  of 
noise,  we  will  now  derive  a  series  of  algorithms 
for  estimation  of  the  flaw  scattering  amplitude. 
For  a  general  reference,  see  [2].  First,  we  con¬ 
sider  the  case  of  a  single  transducer  making 
pulse-echo  measurements  or  a  single  pair  of  trans¬ 
ducers  making  pitch-catch  measurements. 

Consider  a  measurement  model  containing 
additive  noise: 

f (u» )  =  p(w)  •  A(ui)  +  v(w) 
where 

f(»)  =  measured  signal 

p(«o)  =  transducer  and  other  system  responses 

A(ui)  =  flaw  scattering  amplitude 

v(w)  *  Gaussian  noise. 


We  assume  that  CA(w)  is  a  constant  Independent 
of  frequency*  We  now  maximize  Log  P(A|f)  with 
respect  to  A  : 

-TT  Log  (A|f)  =  Log  P(f|A)  +  Log  P(A)  -  0 
aA  aA  aA 


I 


-d  (f-pA) 
C 


=  0 


Therefore  at  each  frequency 
AM  =  - 

|P(«)|Z+  cm 


(5a) 


where 

c  =  Vca 

Equation  (5a)  is  the  desired  result.  Note  that  at 
those  frequencies  for  which  the  signal-to-noi se  is 
good  (C  «  [ P | 2  CA) ,  Eq.  (5b)  reduces  to  the 
expected 


AM  -  (5b) 

At  frequencies  where  the  signal-to-noise  is 
poor  (Cv  »  1 P j 2  CA),  C(w)  "desensitizes"  the 
estimate,  causing 

A(u)  +  0 

in  order  to  avoid  a  noise  dominated  result. 

The  special  case  of 

CM  =  const 


Let  vM  have  zero  mean  E  v(u)  =0  and  have  a 
power  spectral  density: 

E  |vM|2  =  cuM 

In  order  to  determine  the  maximum  likelihood  esti¬ 
mate  A  of  A,  we  wish  to  maximize  P(A|f),  the 
probability  of  A  conditioned  on  the  measurement  f, 
with  respect  to  A.  From  the  measurement  model  we 
can  write  P(f|A),  the  probability  of  the  measure¬ 
ments  f  conditioned  on  the  flaw  scattering  A.  The 
P(A|f)  is  then  determined  by 

P(»IO  ■  (2) 

The  calculations  proceed  as  follows. 

Log  P(flA)  '  -  |  (3) 

L°9  C^T 

to  A 

where 


C«M  =  expectation  value  of  |A|2  over  the 
ensemble  of  possible  flaws. 


has  been  used  in  our  lab  and  elsewhere  [3]  for  a 
number  of  years  with  good  success.  An  example  of 
the  application  of  Eq.  (5a)  is  shown  in  Figs.  5, 

6,  and  7.  Figure  5  shows  a  calculation  of  the 
magnitude  of  the  pulse-echo  scattering  amplitude  A 
of  a  1200  urn  diameter  spherical  void.  The  fre¬ 
quencies  at  vrfilch  the  first  few  peaks  occur  are 
important  in  sizing  such  a  flaw.  Figure  6  shows 
the  magnitude  of  5  estimates  of  this  scattering 
amplitude  from  experimental  data.  The  data  were 
recorded  with  a  2.25  MHz  transducer  whose  spectrum 
is  shown  as  the  left-hand  curve  in  Fig.  8.  Each 
curve  in  Fig.  6  was  obtained  using  Eq.  (5a)  with  a 
different  assumed  constant  value  of  C(m)  (i.e.,  a 
different  desensitization).  The  upper  curves  have 
too  little  desensitization  and  show  wild  fluctua¬ 
tions  below  1  MHz  and  above  4  MHz.  As  the  desen- 
si  tlzatl  on  Is  increased,  the  noise  induced  fluc¬ 
tuations  decreased  while  in  the  region  where  there 
is  appreciable  energy  (1.5  MHz  to  3.5  MHz),  the 
estimate  remains  relatively  unchanged.  Figure  7 
shows  the  optimum  estimate  of  A.  (Figure  7  is  a 
replot  of  the  lowest  curve  Fig.  6).  Note  that 
(ignoring  an  arbitrary  scale  factor),  the  estimate 
of  Fig.  7  corresponds  well  to  the  theoretical 
curve  (Fig.  5)  in  the  frequency  region  where  there 
is  significant  energy  and  the  noise  induced  fluc¬ 
tuations  have  been  suppressed  elsewhere.  The 
first  2  peaks  have  been  accurately  located. 

Another  case  of  Interest  is  that  of  noise  (of 
acoustic  origin)  whi ch  has  been  filtered  by  the 
transducer.  Consider  the  measurement  model 
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f(io)  *  p {(j )  •  (A(io)  +  v(iu)) 


Fig.  6  Calculated  scattering  amplitude  of  a 
1200  ym  diameter  spherical  void 
in  Ti-6A1-4V. 


SC 80  11003 


Fig.  6  Deconvolved  spectra  of  a  flaw  showing 

noise  dominated  results  at  low  and  high 
frequencies  due  to  insufficient 
desensitization. 


SC80  10998 


Fig.  7  Deconvolved  spectrum  with  optimum 
desensiti zation. 
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Once  again,  the  A  approaches  Eq.  (5b)  for  high 
signal-to-nolse  and  approaches  zero  for  low 
signal-to- noi se. 

Among  the  advantages  of  this  type  of  treatment 
of  noisy  siynals  are  the  following: 

1.  Any  frequency  dependence  of  noise  energy 
can  be  optimally  handled. 

2.  Systematic  as  well  as  random  noise 
sources  can  be  treated.  Since  C(u) 
serves  the  purpose  of  "desensitizing" 

A  at  those  frequencies  where  Eq.  (5b)  is 
not  a  good  estimate,  it  is  not  important 
whether  the  cause  of  the  misestimate  is 
random  noise  or  systematic  signals. 

3.  Noise  which  has  passed  through  the  trans¬ 
ducer  (vj  and  v2  in  Eq.  1)  is  treated  on 
an  equal  footing  with  noise  which  has  not 
(03). 

4.  A  final  advantage  of  this  technique  is 
that  increased  bandwidth  can  be  obtained 
by  combining,  in  an  optimum  manner,  data 
from  several  transducers  with  different 
center  frequencies.  A  derivation  of  this 
result  is  given  in  the  next  section. 

Any  one  piezoelectric  transducer  has  a  limited 
bandwidth,  limited  by  the  low  and  high  frequency 
points  at  which  the  signal  from  the  transducer 
drops  into  the  noise.  Figure  8  shows  the  magni¬ 
tudes  of  the  spectra  of  a  2.25  MHz  and  a  5  MHz 
transducer.  The  hatched  area  is  a  schematic  indi¬ 
cation  of  the  noise  level  that  might  be  present  on 
signals  returning  from  flaws.  Each  transducer  has 
a  comparable  percent  bandwidth;  they  overlap  in  a 
small  region  and  together  cover  a  broader  band 
than  either  alone. 

Figure  9  shows  the  measurement  situation  to  be 
used  for  combining  data  from  several  transducers 
in  order  to  achieve  broader  bandwidth  data.  The 
figure  shows  two  circular  piston  transducers  of 
the  same  diameter  at  the  same  distance  from  the 
flaw.  However,  the  two  transducers  have  different 
center  frequencies,  shown  schematically  by  the 
different  thicknesses  of  the  transducer  elements 
and  the  different  beam  widths  at  the  respective 
center  frequencies. 

Recause  the  transducers  are  the  same  diameter 
and  at  the  same  disance  from  the  flaw,  the  dif¬ 
fraction  patterns  from  both  transducer  at  any 
given  frequency  are  the  same  (assuming  that  the 
actual  transducers  are  about  equally  good  approxi¬ 
mations  to  a  piston  source,  which  is  not  always 
true  in  practice).  Therefore,  data  from  two  (or 
more)  transducers  can  be  combined  by  an  algorithm 
which  is  a  simple  extension  of  the  algorithms 
derived  above. 

This  algorithm  will  now  be  derived.  Consider 
the  measurement  model 


Fig.  8 


Magnitude  spectra  of  a  2.25  MHz  and  a 

5  MHz  transducer. 

fj(w)  “  PjM  A(u>)  +  Vj(w) 

(6a) 

f2(u)  *  PgM  A((u)  +  v2(w) 

(6b) 

where,  as  before,  v(u)  is  Gaussian  noise  with  zero 
mean  and, power  spectral  density  C(w).  The  deriva¬ 
tion  of  A  proceeds  as  above,  yielding  the  result 


A(o>)  = - P  -H  - 

|p(w)  |  (l  +  CM) 


(5c) 


where  each  equation  refers  to  measurements  made 
with  a  different  transducer  having  different  prop¬ 
erties  ( p j )  and  different  noise  (v^).  We  wish  to 
maximize  P(A|fj,  f2>  ..•),  the  probability  of  the 
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Fig,  9  Measurement  of  a  flaw  with  two  transducers 
at  different  frequencies  but  with  same 
diameter  and  at  same  distance. 


flaw  properties  A  conditioned  jointly  on  the  set 
of  measurements  f ^ .  We  make  use  of 


P(A|f1,  f2,  ...) 
and 


P(f1,  f2,  -..[A)  P(A) 

P^  fg,  *  *  • ) 


1  lfi  '  PiAl ' 

Log  P(fj,  f2,  •  •  •  | A)  =  ~  2'  1  1  j 

i  io  vi 


The  resulting  estimate  of  A  Is 


A  = 


P1  fl  ,  P2  f2  , 

_  +  __  +  ,,, 


l^r |p2I2 

1+^T  +  -cr  + 


(7) 


where 


For  a  single  transducer,  this  result  reduces  to 
Eq,  (5a),  Note  that  at  frequencies  where  more 
than  one  transducer  has  appreciable  signal-to- 
nolse,  the  estimate  combines  the  data  from  all  of 
them.  Where  one  or  none  of  the  transducers  have 
sufficient  slgnal-to-nolse,  Eq.  (7)  works  in  the 
same  manner  as  Eq.  (5a). 

One  more  step  Is  needed  for  Eq.  (7)  to  work. 
The  assumption  that  the  transducers  are  at  equal 
distances  from  the  flaw  implies  that  the  arrival 
time  of  the  flaw  signal  at  each  transducer  is  the 
same.  If  the  arrival  times  differ  by  more  than  5% 
of  a  period  at  the  overlap  frequency,  then  the 
estimate  A  will  be  distorted  in  that  region  and 
deconvolutions  derived  from  A  will  also  be 
distorted. 


Experimentally,  this  requires  positioning  the 
transducers  with  a  precision  of  a  fraction  of  a 
wavelength  .or,  equivalently,  by  time-aligning  the 
received  signals  during  postprocessing.  In  fact, 
the  most  accurate  method  of  positioning  the  trans¬ 
ducers  Is  by  an  ultrasonic  arrival  time  measure¬ 
ment,  so  that  both  approaches  depend  on  how  accu¬ 
rately  the  pulse  arrival  time  can  be  measured. 

Because  the  pulses  from  the  various  trans¬ 
ducers  have  different  shapes,  different  measures 
of  pulse  arrival  time  will  give  different  (not 
necessarily  correct)  answers.  Several  measures 
have  been  investigated.  The  first  method  involves 
considering  the  pulse  to  be  of  arbitrary  shape  and 
measuring  the  mean  arrival  time  of  all  frequency 
components.  The  arrival  time  of  a  particular 
frequency  component  of  a  signal  S(w)  is 

t(<o)  *  ^  arg  [S(u)] 

averaging  over  all  frequencies  in  S(u>)  can  be  done 
as  follows 

„  /  T  (id)  |  S  (o>)  I  ^  dlD 

/  |  S  (to)  |P  d(D 

this  algorithm  Is  more  easily  Implemented  in  the 
time  domain,  where 

.  /  t  sZ(t)  dt 


/  s  (t)  dt 


(8) 


where  s(t)  is  the  Fourier  transform  of  S(u). 

Eq.  (8)  was  used  successfully  to  time-allgn  the 
pulses  In  the  data  presented  below. 

A  second  (and  better)  method  would  be  to  band¬ 
pass  the  received  signals  to  include  only  the 
overlap  frequencies,  thereby,  in  effect,  eliminat¬ 
ing  most  of  the  differences  In  pulse  shape.  Then 
by  applying  Eq.  (8)  or  simply  by  measuring  the 
difference  between  the  phase  curves,  a  better 
estimate  can  be  achieved.  A  potential  problem 
with  this  method  is  that  if  the  overlap  range  of 
frequencies  Is  too  small,  then  uncertainties  of  2n 
in  the  phase  (one  period  in  the  arrival  time)  can 
occur.  This  method  could  be  used  for  precise 
time-alignment  after  the  first  method  had  been 
used  for  course  alignment. 

A  third  (and  In  principle  even  better)  method 
of  time-al ignment  would  be  to  make  use  of  our 
knowledge  of  the  scattering  properties  of  flaws 
and  use  the  low  frequency  method  of  finding  the 
center  of  a  flaw  [4j.  (Improvements  in  this 
method  are  described  under  automtlc  flaw  char¬ 
acterization,  below)  However,  it  Is  unlikely  In 
practice  that  the  higher  frequency  transducers 
will  have  sufficient  energy  at  low  frequencies  for 
this  method  to  work. 

An  example  of  combining  data  from  multiple 
transducers  is  shown  in  Figs.  10  and  11.  The  two 
transducers  whose  spectra  are  shown  in  Fig.  8  were 
used  to  make  me-'  surements  of  a  1200  ym  spherical 
void  flaw  In  a  T1tan1um-6A1-4V  disk.  Figure  10 
shows  the  spectra  which  result  from  separately 
estimating  A  for  each  transducer  using  Eq.  (5a). 
Note  that  each  transducer  has  successfully  mea¬ 
sured  2  of  the  peaks  in  Fig.  5.  Figure  11  shows 
the  result  of  applying  the  combined  algorithm 
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(Eq.  7).  Note  that  now  all  of  the  first  three 
peaks  have  been  successfully  measured  and  that  the 
separate  spectra  have  been  smoothly  joined  in  the 
overlap  region.  The  resulting  spectrin  Is  a 
fairly  good  reproduction  of  Fig.  5,  except  for  a 
gradual  Increase  in  |A|  with  Increasing  frequency, 
which  Is  due  primarily  to  the  transducer  spectra 
having  been  measured  through  a  thicker  section  of 
titanium  than  the  flaw  signals  were. 

SC80-10999 


Fig.  10  Deconvolved  spectra  obtained  by  each 
transducer  separately,  a)  2.25  Mhz 
b)  5  Mhz. 


the  received  signal  itself.  Computer  experiments 
indicate  that  flaw  signals  do  not  have  suffici¬ 
ently  6-functlon-11ke  impulse  respones  to  signifi¬ 
cantly  improve  detection.  However,  if  it  is  de¬ 
sired  to  detect  flaws  in  a  particular  class,  using 
the  Fourier  transform  of 

P  M  Aq(w)  f(ui) 

should  improve  detection.  Here,  A^w)  is  the 
scattering  amplitude  of  a  typical  member  of  the 
class  of  flaws. 

AUTOMATIC  FLAW  CHARACTERIZATION 

The  new  flaw  characterization  methods  which 
are  being  developed  by  the  research  community 
often  require  the  extraction  of  data  from  ultra¬ 
sonic  measurements  by  sophisticated  techniques. 

If  these  methods  are  to  prove  useful  in  field 
applications,  then  it  will  be  necessary  to  fully 
automate  this  feature  extraction  process.  If  not, 
then  it  will  be  necessary  to  have  highly  trained 
personnel  making  subtle  judgments  in  routine  test¬ 
ing  situations.  This  is  not  a  practical  approach 
in  view  of  personnel  availability,  labor  costs, 
and  required  speed  and  accuracy  of  inspection. 
Therefore,  full  automation  of  these  techniques  in 
the  form  of  robust,  noise  resistant  algorithms  is 
necessary. 

In  this  section,  we  present  3  results  in 
automated  feature  extraction  and  flaw 
characterization.  They  are 
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Fig.  11  Combined  spectrum  obtained  from  both 
transducers. 


The  algorithms  developed  in  this  paper  (e.g., 
Eqs.  5  and  7)  suggest  a  matched  filtering  tech¬ 
nique  for  improved  flaw  detection.  As  an  interme¬ 
diate  step  toward  estimating  the  flaw  scattering 
amplitude,  these  equations  involve  terms  of  the 
form 


P  M  f(») 

that  is,  the  flaw  spectrum  multiplied  by  the  com¬ 
plex  conjugate  of  the  transducer  spectrum.  Note 
that  p  M  is  the  matched  filter  by  vrfiich  one 
would  multiply  f(ni)  in  order  to  optimally  detect  a 
flaw  whose  impulse  response  was  a  6-function. 

This  suggests  that  because  small  flaws  (especially 
voids)  have  relatively  short  impulse  response,  de¬ 
tection  of  flaws  could  be  more  successfully  done 
using  the  Fourier  transform  of  p*(u>)  f(w)  rather 


1.  Statistically  based  algorithms  for  the 
extraction  of  low  frequency  features  A2 
and  t 

2.  An  analysis  of  the  accuracy  of  the  Born 
inversion  when  applied  to  noisy  data  with 
limited  bandwidth,  and 

3.  An  algorithm  for  deciding  if  a  signal  is 
more  likely  to  be  caused  by  a  crack  or  by 
2  voids. 

STATISTICAL  ALGORITHMS  FOR  EXTRACTING  A?  AND  t 

In  recent  years  the  scattering  of  elastic 
waves  at  low  frequencies  (i.e.,  in  the  so-called 
Rayleigh  regime)  has  received  increased  attention 
[5,6,7]  particularly  in  the  context  of  nondestruc¬ 
tive  evaluation.  For  example,  a  relation  between 
low  frequency  scattering  and  fracture  mechanics 
has  been  found  [8].  Several  investigators 
[9,10,11]  have  established  that  low  frequency 
scattering  data  is  surprisingly  rich  in  informa¬ 
tion  in  the  elastic  wave  case  compared  with  the 
familiar  scalar  wave  case.  It  has  also  been  found 
[12,13]  that,  in  the  low  frequency  range  extending 
somewhat  beyond  the  Rayleigh  regime,  the  variation 
of  phase  shift  with  frequency  gives  information 
about  the  location  ofthe  center  of  the  scatterer. 

The  inversion  technique  developed  last  year 
for  internal  flaws  in  ceramics  made  use  of  2  low 
frequency  features  of  the  scattering  of  sound  from 
the  flaw:  A2  and  t. 

A2  is  the  lowest  order  term  in  an  expansion  of 
the  scattering  amplitude  A  with  respect  to 
frequency : 

A(w)  =  Agia^  +  O(io^)  .  (9) 
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The  angular  dependence  of  Aa  has  been  shown 
[1C, 11]  to  contain  size  and  shape  Information 
about  the  scatterer.  x  defines  the  location  of 
the  center  of  the  scatterer  with  respect  to  the 
time  origin  of  the  measurements.  Thus  If  a 
scatterer  is  displaced  by  a  distance  x  *  vx  from 
the  center  of  the  measurement  coordinate  system, 
where  v  is  the  sound  velocity  In  the  surrounding 
medium,  then  the  scattering  amplitude  will  be 

A'M  =  A(o>)  eiuT  (10) 

=  Agw2  +  ixAgw3  +  O(w^)  .  (11) 

The  two  techniques  discussed  below  estimate  A2  and 
x  from  the  low  frequency  portion  of  measured 
frequency  spectra. 


The  estimates  A2  and  x  for  this  model  are 
~  bo 

A2*aJ  (13a>- 


b3  a4 
1  b2a6 


(13b) 


where 


«„<•>  •  1 

to  '  ' 

tM ,  >  AtyfM.."- 

(D  7 

C(u)  is  the  power  spectrum  of  the  3  noise 
sources  and  is  of  the  form 


Consider  first  a  noiseless  measurement  model 
based  on  Eq.  (11). 


C(w)  =  CQ  +  |p|Z  (C^w4  +  Cgu8)  (14) 


f(u)  =  p(w)  AM 

2  3 

p(w)  [A2u  +  ixAgu  ] 

where 

f(u)  =  frequency  spectrum  of  measured  signal 
pM  =  spectrum  of  transducer,  electronics, 
etc. 


where  the  three  terms  are  the  covariance  functions 
(or  power  spectra)  of  ,  v2,  and  v3 
respectively. 

The  algorithm  makes  use  of  information  from 
all  frequencies  in  a  certain  range  In  making  its 
estimates.  This  range  is  determined  by  C(e). 

Where  CM  is  large,  little  contribution  is  made 
to  the  estimate  and  where  C(w)  is  small,  a  large 
contribution  is  made. 


Estimates  A,  and  x  based  on  this  model  would  then 
be  4 

;  11m  1  d2  A 

£  ~  10+O  2.2 
do) 

*  s  11m  1  d3  A 

T  ~  u>0  6i  A2  d(j3 

where 


These  estimates  were  shown  [4]  to  be  extremely 
noise  vulnerable,  especially  because  A  becomes 
very  small  as  1^0.  A  noise  Insensitive  algorithm 
has  been  developed  [4]  based  on  the  following 
measurement  model 

2  3 

f(u)  =  pM  [Agio  +  ixAguj  +  v2(ui) 

+  v3M]  +  v^u)  (12) 


where 

vj(oj)  *  electronic  noise 
v2(w)  -  grain  scattering  noise 
v3(w)  -  "model  error"  noise. 

The  electronic  noise  is  taken  to  be  uhlte 
(independent  of  frequency)  and  can  Include 
quantitization  error  of  an  A/D  converter.  If 
used.  The  grain  scattering  power  spectrun  Is 
taken  proportional  to  w4. 

By  "model  error",  we  mean  the  contribution  to 
the  measured  signal  at  higher  frequencies  due  to 
the  fact  that  the  terms  of  order  u4  and  higher  in 
Eq.  (11)  become  non-negligible.  The  power  spec¬ 
trum  of  this  "noise"  source  Is  therefore  taken  to 
be  proportional  to  w8. 


Figures  12-15  show  the  results  of  testing 
these  estimators  on  noiseless  theoretical  data. 


ACTUAL  T 

Fig.  12  Estimated  x  vs  true  x  using  0  <  ka  «  1. 
Flaw  front  surface  is  at  x  =  -0.3. 


In  order  to  see  how  well  they  work  when  there 
is  sufficient  low  frequency  data  available  that 

A ( w )  =<  Ag  uZ  (15) 

is  a  good  approximation  over  a  usable  portion  of 
the  spectrum,  we  used  as  Input 

fM  =  p(»)  A2oo2  eiuT  (16) 

In  this  case,  there  wfll  be  no  modal  errors  due  to 
the  approximation  (15),  but  if  wx  Is  too  large 
(l.e.,  the  initial  choice  of  coordinate  system  Is 
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Fig.  13  Estimated  A2  vs  true  x  using  0  <  ka  «  1. 
Flaw  front  surface  Is  at  t  =  -0.3. 


SC  BO  10969 


ACTUAL  r 

Fig.  14  Estimated  t  vs  true  t  using  0  <  ka  s; 

0.6.  Flaw  front  surface  Is  at  t  =  -0.3. 
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Fig.  15  Estimated  fa  vs  true  t  using  0  <  ka^0.6. 
Flaw  front  surface  is  at  t  =  -0.3. 


too  far  from  the  center  of  the  flaw,  then  there 
will  be  model  error  due  to 

=  1  +  lux  (17) 

not  being  a  sufficiently  accurate  approximation 
and  the  estimates  will  lose  accuracy. 

Figure  12  shows  x,  the  estimate  of  x  plotted 
vs  the  actual  x  used  in  creating  the  data  (Eq. 

16).  Yhe  dashed  line  is  x  -  x  for  comparison  pur¬ 
poses.  (In  fact,  the  dashed  line  was  drawn 
slightly  in  error  and  the  agreement  near  x  =  0  is 
better  than  indicated.)  Note  that  the  estimates 
are  very  good  near  x  =  C  and  begin  to  become  less 
accurate  at  large  x  as  Eq.  (17)  becomes  a  less 
good  approximation.  Note  also  that  an  iterative 
approach  could  be  used  to  locate  the  center 
accurately  even  if  the  initial  estimate  was  not 
good.  The  time  scale  used  In  these  graphs  is  one 
where  the  front  surface  of  the  flaw  occurs  at  t  * 
-0.3. 

Figure  13  shows  the  estimate  of  fa  for  this 
case.  The  correct  value  is  1.0.  Again,  the 
estimate  is  very  good  when  wx  is  sufficiently 
smal 1 . 

Figures  14  and  15  show  the  results  when  the 
scattering  amplitude  of  a  spherical  void  is  used 
as  input: 

f(oi)  =  p(w)  A(u>)  eiuT 

In  this  case,  if  too  wide  a  range  of  frequencies 
is  used,  model  error  terms  due  to  Eq.  (15)  not  be¬ 
ing  a  good  approximation  will  cause  errors  in  the 
estimates.  Eq.  (15)  begins  to  break  down  above 
about  ka  =  0,5.  For  Figs.  14  and  15,  C(w)  was 
chosen  so  that  data  up  to  about  ka  =  0.6  contri¬ 
buted.  We  would  therefore  expect  some  error  In  the 
estimates.  Figure  14  shows  estimated  x  vs  true  x 
for  this  case.  The  estimaes  are  still  good,  but 
there  is  now  a  systematic  error  which  would  cause 
one  to  miss  the  flaw  center  by  a  little.  Figure 
15  shows  the  fa  estimate  for  this  same  case.  At  x 
=  0  there  is  now  a  systematic  error  of  about 
35%.  Because  flaw  size  is  proportional  to  A21'3, 
this  error  Is  not  as  significant  as  it  may  at 
first  appear. 

Figures  16  and  17  show  the  performance  of  the 
estimators  in  the  presence  of  noise.  An  ensemble 
of  test  waveforms  of  the  form 

f(uj)  =  p(w)  A(u)e^l0T  +  v(«) 

were  tested  and  the  mean  and  standard  deviation  of 
the  estimates  computed.  Figure  16  shows  the 
results  for  estimating  x.  At  large  signal-to- 
noise  ratios,  the  standard  deviation  Is  small  and 
all  estimates  are  near  the  mean  value.  At  lower 
signal -to- noise,  the  shaded  band  shows  the  In¬ 
creasing  noise  in  the  estimates.  Note  that  the 
mean  does  not  change  a  great  deal  even  when  the 
standard  deviation  Is  large. 

Figure  17  shows  the  results  for  estimating 
fa.  Again  the  mean  value  does  not  change  appre¬ 
ciably  even  when  the  standard  deviation  becomes 
large.  The  results  are  far  tetter  than  those  ob¬ 
tained  in  [4]  for  a  noiseless  treatment. 

For  a  flaw  of  initially  unknown  size,  we  would 
not  know  at  what  frequencies  to  cut  off  the  calcu¬ 
lation  because  we  do  not  know  what  frequency  cor¬ 
responds  to,  say,  ka  -  0.5.  Several  approximate 
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Fig.  16  Estimated  x  vs  signal -to-noi se. 
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Fig.  17  Estimated  A2  vs  signal-to-noise 


solutions  to  this  dilema  are  possible.  An  initial 
flaw  size  estimate  can  be  made  from  an  absolute 
amplitude  measurement  or  by  a  higher  frequency 
technique  such  as  the  Born  inversion.  From  an 
Initial  size  estimate,  an  Iterative  procedure 
involving  estimating  A2,  using  that  to  estimate 
flaw  size  and  then  In  turn  selecting  a  new  C(u) 
could  be  used.  A  more  systematic  approach  is 
derived  in  the  next  section. 

In  this  sect'on  we  derive  an  algorithm  which 
avoids  the  problem  of  unknown  flaw  size  mentioned 
In  the  previous  section.  It  does  this  by  expli¬ 
citly  estimating  the  model  error  term  Ce  In 
Eq, (14)  and  then  estimating  A2  and  x  using  that 
value  for  Cs.  We  assume  that  in  an  a  priori  sense 
Co  and  Ce  are  known,  since  they  can  be  determined 
from  Independent  measurements  on  the  post¬ 
processing  e’ectronlcs  and  on  other  specimens  from 
the  same  batch.  Since  Ce  relates  to  the  scatterer 
of  Interest  whose  characteristics  are  unknown 
before  the  measurement  of  f  (<a) ,  we  must  assume 
that  Ce  is  unknown. 


We  make  the  further  assumption  that  the 
function  p(u>) ,  representing  the  acoustical  system 
response,  has  the  property 

|p(w)|V°  *  0  as  B  +  i  »  (18a) 


which  implies  the  limit 

[C(w)  -  Cq3w2  *  0  as  a  *  1  •  .  (18b) 

These  limits  certainly  hold  if,  for  example,  p(t) , 
the  time-domain  version  of  p(u),  Is  a  sinusoid 
modulated  by  a  Gaussian  envelope  function.  We 
assume  an  optimality  criterion  Implying  that  the 
optimal  estimates  are  the  most  probable  estimates 
(given  f).  We  then  introduce  the  further  assump¬ 
tion  that  the  a  priori  probability  density  of  the 
above  parameters  is  sufficiently  flat  in  an  appro¬ 
priate  sense,  in  which  case  the  most  probable  es¬ 
timates  become  the  maximum  likelihood  estimates. 

To  provide  a  simple  picture  of  the  estimation 
procedure,  we  present  the  key  steps  In  a  somewhat 
abbreviated  symbolic  form.  The  central  problem  is 
to  maximize  the  conditional  probability  density 
(p.d.)  P(A2,x,C8|f)  with  respect  to  A2,  x,  and 
Cs.  In  the  above  expression  the  symbol  f  stands 
for  the  set  of  quantities  f(w),  weS.  Using  well 
known  relations  Involving  conditional  probability 
densities,  we  can  write 


P(A2,x,C8|f)  =  P(f|Az,x,C8) 


•P(A2,t,C8)/P(f)  (19) 

Without  truncating  the  set  f(u)  in  some  way,  the 
above  conditional  and  unconditional  p.d.'s  with 
respect  to  f  are  unnormal izable  and  therefore  must 
be  regarded  as  relative  p.d.'s.  However,  since 
Eq.  (19)  involves  only  the  ratio  of  such  p.d.'s, 
the  lack  of  normal Izablllty  is  of  secondary  impor¬ 
tance.  Since  the  divisor  P(f)  plays  the  role  of 
normalization  factor  and  can  thus  be  Ignored  In 
the  maximization  problem,  the  relative  conditional 
p.d.  of  f  can  be  expressed  in  the  form 

log  P(f|A2,x,Ce)  *  -  -y  ♦  "  7  5.  log  [C  (u)C0  ] 

wcS 

(20) 


where  the  factor  Co,  defined  by  Eq.  (18)  is 
Introduced  Into  the  logarithm  to  achieve  conver¬ 
gence  of  the  sun  on  u>.  The  function 
4  =  $(f |A2  „  Ce)  Is 

$  *  \  [C(cu)]’*  |f(io)  -  p(co)  (1  +  lux)  V2!2 

toeS 

(21) 

in  Eqs.  (20)  and  (21)  C(u)  Is  assumed  to  be  given 
by  Eq.  (14).  If  the  aprlorl  p.d.  P(A2,x,Cq)  is 
flat  over  a  region  In  which  P(f|A2,x,C8)  deviates 
significantly  from  zero,  then  this  a  priori  p.d. 
can  also  be  ignored  in  the  maximization  problem. 
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Thus  the  maximization  problem  now  Involves  oii1yP(f| 
A2.T,  Cb)  given  by  Eq.  (20)  and  thus  the  most 
probable  estimates  are  then  replaced  by  the 
maximum  likelihood  estimates. 

In  approaching  the  maximum  likelihood  problem 
we  note  that  with  Cs  fixed,  the  maximization  of 
Eq.  (20)  with  respect  to  A2  and  t  can  be  done 
analytically  -  in  fact,  this  was  already  done  in 
the  earlier  paper  [4].  We  then  substitute  these 
best  estimates,  denoted  by  A2  and  t,  back  Into  Eq. 
(20)  and  then  confront  the  problem  of  maximizing 
with  respect  to  Cs,  a  problem  that  must  be  treated 
computationally.  After  obtaining  the  best  esti¬ 
mate  of  Cb,  namely  Cs,  we  substitute  this  value  In 
the  analytical  expressions  for  A2  and  x. 

The  optimal  estimates  of  A2  and  x  are  given  in 
Eq.  (13).  It  is  to  be  noted  that  ap  Is  real  and 
positive  when  p  is  even,  and  Is  zero  when  It  Is 
odd.  Also  b  Is  real  irfien  p  Is  even,  and  imagi¬ 
nary  when  iris  odd.  According  to  the  relations 
(18a)  and  (18b),  a  sufficient  condition  for  the 
existence  of  ap  is  that  p  <  8  and  a  sufficient 
condition  for  the  existence  of  bp  is  that  p  <  4 
(if  f(m)  Is  assumed  to  behave  asymptotically 
like  p(«)u4). 

Substitution  of  the  above  expressions  for  Az 
and  x  into  Eq.  (20)  yields 


log  P(f lAg.x.Cg)  =  -  |  Y 


where 


i  1  log  C(ui) 

ujeS 


(22) 


Y  *  4>(f |A?,t,C 


8' 


■  l  CCv(w)]'1|f(w)|2 

(A) 


(23) 


The  non-negativity  of  y  is  easily  demonstrated. 

It  is  also  easy  to  prove  that  for  a  noiseless  test 
signal  f(w)  =  p(u)(l  +  iwx)  Aoui2,  then  Y  =  0, 
whereupon  the  optimal  value  ot  Cb  is  given 
by  C8  =  0. 

The  appropriate  computational  procedure  Is 
first  to  find  the  maximun  of  P(f|A2,x,Ce)  with 
respect  to  Cb  by  a  direct  numerical  maximization 
procedure  thereby  yielding  the  optimal  estimate 
C8.  This  estimate  depends  only  on  the  Input  sig¬ 
nal  f  (w) ,  coeS,  and  various  fixed  parameters,  since 
Eq.  (22)  has  already  been  maximized  with  respect 
to  A2  and  t.  The  final  step  is  then  to  substitute 
C8  into  C(w)  entering  into  the  analytical  optimal 
estimates  of  A2  and  x  given  Eq.  (13). 

ACCURACY  OF  THE  BORN  INVERSION 


One  of  the  features  used  in  last  year's  flaw 
characterization  algorithm  Is  d,  the  estimate  of 
the  radius  of  the  flaw  given  by  the  one  dimension¬ 
al  Born  Inversion. 

This  inversion  technique  makes  use  of  1  pulse 
echo  waveform  and  from  it  derives  an  estimate  of 
the  distance  from  the  center  of  the  scatter  to  the 
front  face  of  the  scatterer  in  the  direction  from 
which  the  transducer  is  viewing  the  flaw.  If  this 


inversion  Is  performed  from  a  number  of  direc¬ 
tions,  then  the  shape  of  the  flaw  can  be  recon¬ 
structed. 

During  this  year,  we  have  Investigated  the 
robustness  of  the  Bom  Inversion  with  respect  to 
noise  that  Is  present  In  the  measurements  and  with 
respect  to  the  limited  bandwidth  which  is  avail¬ 
able  from  ultrasonic  transducers.  This  work  Is 
described  In  detail  In  another  paper  In  this  pro¬ 
ceedings.  The  results  are  summarized  below. 

The  Bom  Inversion  was  found  to  require  a 
bandwidth  of 

0.5  <  ka  <  2 

in  order  to  give  radius  estimates  accurate  to 
within  20%.  If  Insufficient  low  frequency  data  is 
available,  then  an  underestimate  results  and  if 
insufficient  high  frequency  data  Is  available,  an 
overestimate  results. 

Figure  18  shows  radius  estimates  obtained 
using  the  calculated  scattering  amplitude  for  a 
spherical  void  when  only  limited  bandwidth  Is 
available.  The  dashed  curve  shows  the  effect  of 
insufficient  low  ka  data.  Underestimates  of  >  20% 
occurs  when  ka„^n  >  0.5.  The  solid  curve  shows 
the  effect  of  insufficient  high  ka  data.  Over¬ 
estimates  of  >  20%  occur  when  kamax  <  2. 


accuracy  of  the  Bom  Inversion. 


Figure  19  shows  the  effect  of  limiting  both 
low  and  high  frequency  bandwldths.  The  figure 
shows  the  estimated  radius  a  divided  by  the  true 
radius  a  vs  the  average  wavenumber  k  of  a  trans¬ 
ducer  multiplied  by  the  flaw  radius  a.  Each  curve 
Is  for  a  transducr  of  a  different  relative  band¬ 
width,  expressed  In  terms  of  the  ratio  of  the 
maximim  ka  of  the  transducer  to  the  mlnimun  ka. 

Note  that  for  the  6:1  transducer,  measurements 
will  be  accurate  to  within  20%  for  a  1.7:1  range 
of  flaw  sizes,  while  for  the  10:1  transducer,  the 
range  of  flaw  sizes  is  about  2.5:1.  A  good 
broadband  commercial  transducer  might  have  a  10:1 
range  of  usable  k. 
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Fig.  19  Accuracy  of  Born  Inversion  vs  transducer 
center  frequency  and  bandwidth. 


The  sensitivity  of  the  Born  inversion  to  the 
presence  of  noise  in  the  data  was  investigated  by 
adding  calculated  noise  to  the  calculated  scatter¬ 
ing  amplitude  of  a  spherical  void.  The  noise 
simulates  gain  scattering  in  a  metal  by  having  a 
power  spectrun  proportional  to  f8.  A  signal-to- 
noise  parameter  is  defined  in  terms  of  the  rela¬ 
tive  energy  in  the  scattering  amplitude  and  in  the 
noise.  Figure  20  shows  the  radius  estimtes  ob¬ 
tained  for  ensembles  of  noisy  signals  at  various 
signal-to-noise  ratios.  The  flaw  has  a  diameter 
of  800  pm.  For  large  signal-to-noise.  the  al¬ 
gorithm  correctly  estimates  the  radius  to  be  400 
pm.  The  dashed  curve  shows  the  mean  radius  esti¬ 
mate  for  an  ensemble  of  signals  at  each  signal-to- 
noise  ratio.  The  solid  curves  show  the  95% 
confidence  levels  for  the  ensemble.  As  the 
signal-to-noise  ratio  decreaes,  the  uncertainty  of 
the  estimates  increases  and  the  moan  of  the  es¬ 
timates  eventually  becomes  inaccurate  too.  How¬ 
ever,  the  95%  confidence  level  is  within  20%  of 
the  correct  answer  down  to  a  signal-to-noise  ratio 
of  0  dB.  The  upper  and  lower  curves  in  Figure  21 
show  flaw  signals  in  the  presence  of  this  level  of 
grain  noise. 

DISTINGUISHING  A  CRACK  FROM  2  VOIDS 

The  effect  of  a  crack  on  the  remaining  life¬ 
time  of  a  part  will  generally  be  greater  than  the 
effect  of  a  region  of  porosity  of  comparable  size. 
However,  the  ultrasonic  reflections  frcm  a  crack 
and  a  collection  of  pores  may  be  similar.  There 
is  therefore  a  need  to  distinguish  between  these 
two  types  of  flaws. 

We  describe  here  a  simple  signal  processing 
technique  for  distinguishing  between  the  echos 
from  a  crack  and  from  a  pair  of  voids  separated  by 
a  distance  equal  to  the  length  of  the  crack.  This 
technique  requires  only  a  single  pulse-echo  wave¬ 
form. 

According  to  the  geometrical  theory  of  dif¬ 
fraction,  the  backscattered  echo  from  a  crack 
reviewed  at  an  angle  ot.he>  than  perpendicular  to 
the  plane  of  the  crack  cc  Jsts  of  echos  from  2 
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Fig.  20  Radius  estimates  for  ensembles  of 
noisy  flaw  waveforms  vs  signal-to- 
noise  ratio. 
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Fig.  21  Experimental  and  simulated  flaw  wave¬ 
forms  including  grain  scattering  noise. 


"flash  points"  on  the  opposite  edges  of  the 
crack.  The  time  spacing  between  the  two  echos  is 
equal  to  the  difference  between  the  travel  times 
to  the  near  and  far  flash  points.  Also  the  two 
pulses  are  of  opposite  polarity.  By  contast,  the 
echo  from  a  pair  of  voids  spaced  a  distance  equal 
to  the  width  of  the  crack  will  also  consist  of  2 
echos,  but  they  will  be  of  the  same  polarity.  This 
suggests  a  technique  for  distinguishing  between 
the  tv«  types  of  flaws. 

The  upper  curve  in  Fig.  22  shows  a  signal 
measured  from  one  of  the  spherical  "trailer  hitch" 
specimens  discussed  elsewhere  In  this  report.  It 
consists  of  2  pulses.  The  pulses  appear  to  be  of 
the  same  polarity,  suggesting  that  the  signal  is 
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due  to  2  voids.  Often,  the  pulses  are  not  well 
enough  separated  or  of  equal  enough  shapes  for 
this  distinction  to  be  made  by  the  eye.  We  have 
therefore  developed  a  more  systematic  clgorithm 
for  this  purpose. 


Fig.  22  Measured  scattering  waveform  and 
corresponding  frequency  spectrum 
for  a  pair  of  voids. 

Consider  a  signal  s(t)  which  consists  of  2 
identical  pulses  s0(t)  separated  by  a  time 
interval  t  and  being  of  either  the  same  or  op¬ 
posite  polarities: 

s(t)  =  s0(t)  i  s0(t)  x  «  (t  -  t) 


In  the  frequency  domain,  this  signal  has  the 
simpler  representation 

S(«)  =  SQ(ui)  (1  t  eluT) 

Here,  upper  case  letters  are  used  for  the 
frequency  domain  representations  of  the 
corresponding  time  domain  quantities.  The 
magnitude  of  S  is 

|S(u>)|  -  |S0M|  •  |1  t  e1ul  | 

=  2|Sq(u))|  •|cos|i|  same  polarity 
=  2|Sq(oj)|  'Isin^l  opposite  polarity 

Note  that  the  magnitude  of  the  frequency  spectrum 
of  s(t)  consists  of  the  spectrum  of  s0(t),  modu¬ 
lated  by  either  a  cosine  or  a  sine  function,  de¬ 
pending  of  the  polarity  relationship  of  the 
pulses.  The  lower  curve  in  Fig.  22  shows  |S(m)| 
for  the  measured  signal  shown  in  the  upper  curve. 
The  modulation  is  clearly  visible  and  measurement 
of  the  peak  or  valley  positions  shows  it  to  be  a 
cosine  modulation,  proving  that  the  signal  is  from 
a  pair  of  voids  rather  than  from  a  crack. 

In  order  to  classify  the  source  of  the  signal 
automatically  and  in  cases  where  the  data  is  not 
as  good  as  that  shown  in  Fig.  22,  the  following 
algorithm  was  developed.  The  Fourier  transform  of 
| S (ui)  |  is  a  type  of  autocorrelation  function  of 


s(t).  It  consists  of  a  peak  at  zero  lag  and 
smaller  peaks  at  lags  equal  to  multiples  of  -r.  If 
the  negative  frequencies  of  |S(ui)|  are  set  to  zero 
before  Fourier  transformation,  then  there  will 
also  be  a  phase  part  of  the  autocorrelation.  This 
phase  will  equal  0°  at  a  lag  of  t  if  the  pulses 
are  of  the  same  polarity  and  it  will  equal  180°  at 
t  if  the  pulses  are  of  opposite  polarity.  Figure 
23  shows  the  autocorrelation  phase  measured  for  2 
"trailer  hitch"  samples,  one  containing  a  crack 
and  the  other  containing  a  pair  of  voids.  The 
autocorrelation  phase  was  measured  at  a  variety  of 
angles  of  Incidence  from  near  normal  to  the  plane 
of  the  crack  to  within  the  plane  of  the  crack. 

The  phase  is  near  zero  at  all  angles  for  the  2 
voids,  as  expected.  The  crack  is  easily  distin¬ 
guished  from  the  voids  at  any  angle,  with  Its 
phase  being  around  130°.  The  phase  Is  not  180° 
because  the  echos  from  the  two  flash  points  are 
not  in  practice,  quite  the  same  shape.  This  de¬ 
viation  from  180°  may  be,  in  Itself,  informative 
about  the  nature  of  the  flaw. 


Fig.  23  Auto  correlation  phase  for  2  flaws: 
a  crack  and  a  pair  of  voids.  Flaw 
type  can  be  Identified  at  any  angle 
35°  <  e  <;  90°. 
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ABSTRACT 

This  paper  presents  a  review  of  some  of  the  research  projects  at  University  College  London  which  use 
ultrasonic  waves  in  non-destructive  testing.  The  projects  covered  include  a  low-frequency  scanning 
acoustic  microscope,  a  new  dark-field  acoustic  microscope,  an  update  on  finite  difference  model  studies  of 
wave  propagation  and  scattering,  developments- in  mode-conversion  techniques  for  defect  characterisation,  a 
new  high-resolution  acoustic  field  sampling  probe  and  a  resumf  of  the  work  on  ZnO  transducers. 

INTRODUCTION 


The  need  for  quantitative  non-destructive 
testing,  and  in  particular  defect  characterisation, 
has  been  recognised  for  many  years.  It  is  clear 
that  the  achievement  of  quantatitive  NDT  must  now 
assume  a  high  priority  if  the  full  benefits  of  the 
advances  in  fracture  mechanics  and  related  areas  of 
materials  science,  are  to  be  realised.  This  has 
been  appreciated  for  several  years  in  both  the  USA 
and  the  UK  and,  as  a  result,  there  is  now 
considerable  interest  in  this  research  area  in 
British  Universities  and  industrial  laboratories, 
as  well  as  in  their  counterparts  in  the  USA. 

This  paper,  together  with  Ameri  et  al ,  (1), 

(to  be  presented  later),  reviews  the  current  work 
in  ultrasonic  NDT  in  the  Department  of  Electronic 
and  Electrical  Engineering  at  University  College 
London.  The  presentation  also  extends  the  work  on 
model  studies  of  wave  propagation  and  scattering 
given  by  Bond,  (2),  at  last  year's  meeting:  this 
work  was  formerly  at  The  City  University,  London, 
and  has  now  moved  to  join  the  long-established 
research  in  acoustic  imaging  and  microscopy,  SAW 
signal  processing  and  ultrasound-orientated  thin 
film  technology,  at  UCL. 

Current  studies  can  be  divided  into  six 
related  groups  of  projects:  (i)  use  of  a  laser 
probe  (1,3)  to  measure  material  properties  such  as 
SAW  velocity,  elastic  constants  or  crystal 
orientation,  (ii)  investigation  of  the  interaction 
between  a  propagating  wave  and  a  defect  using  the 
scattered  and  mode-converted  waves  to  identify 
characteristics  of  the  defect  by  use  of  the  laser 
probe  (3)  in  an  imaging  mode  to  examine  cracks  or 
overlay  defects,  (iii)  use  of  the  acoustic  micros¬ 
copy  (1)  to  produce  'acoustic-contrast'  images  of 
small  structures,  (iv)  the  theoretical  investigat¬ 
ion  of  fundamental  wave  propagation  scattering 
using  numerical  (finite  difference)  models  (2), 
together  with  experimental  investigations  using 
short  pulse  probes,  (v)  the  development  of  the  new 
family  of  mode-conversion  techniques  for  defect 
characterisation,  reported  at  last  year's  meeting, 
(2,5),  (vi)  engineering  support  for  the  above 
activities;  typically  the  development  of  single 
crystal  and  thin  film  transducers,  acoustic  lenses 
and  electronic  instrumentation. 


The  following  paragraphs  consider  some 
specific  aspects  of  these  projects  -  the 
application  of  low-frequency  (12MHz)  scanning 
acoustic  microscope  to  NDT,  a  new  dark-field 
acoustic  microscope,  an  update  on  numerical  model 
studies  of  wave  propagation  and  scattering  (2), 
developments  in  mode-conversion  techniques  for 
defect  characterisation,  a  new  high-resolui ion 
acoustic-field  sampling  probe  and  a  resume  of  the 
work  on  ZnO  transducers. 

TRANSMISSION  SCANNING  ACOUSTIC  MICROSCOPY 
FOR  DEFECT  'DETERMINATION  TOEtAllTC  OBJECTS 

The  Scanning  Acoustic  Microscope  (SAM)  has  been 
successfully  used  to  examine  a  wide  range  of 
biological  state  materials  (6).  Recent  work  has 
tended  to  concentrate  upon  the  reflection  configur¬ 
ation  of  the  instrument  which  eases  alignment 
constraints  in  high  resolution  systems  (7),  while 
transmission  imaging  at  lower  resolutions  has 
received  less  attention  (8).  Both  configui  ations 
have  applications  in  NDT  in  the  location  and  detect¬ 
ion  of  flaws  and  voids  within  an  opaque  material. 
Experimental  results  from  a  transmission  system 
will  be  presented  that  demonstrate  the  detection  of 
such  defects.*  The  essential  elements  of  a 
transmission  SAM  are  shown  in  Fig.  1. 

An  acoustic  lens  produces  a  diffraction 
limited  focal  spot  at  the  object  plane.  A  second 
lens  collimates  the  energy  transmitted  through  the 
object.  An  image  is  built  up  by  mechanically 
scanning  the  object  through  the  focussed  beam  and 
using  the  measured  transmissivity  at  each  image 
point  to  modulate  the  intensity  of  a  synchronously 
scanned  display. 

The  results  presented  here  were  obtained  using 
a  transmission  SAM  operating  at  12MHz,  employing 
16mm  radius,  25mm  aperture  rused  quartz  lenses. 

The  resolution  in  a  steel  sample  was  approximately 

650pm. 

*  Transmission  Scanning  Acoustic  Microscopy  for 
Determination  in  Thick  Objects.  D.  Sinclair  & 
E.A.  Ash  (to  be  published). 
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Fig.  1.  Transmission  SAM  Acoustics. 

The  low  path  losses  (approximately  12dB)  in 
the  water  bath  and  the  high  reflection  coefficient 
at  the  lens-water  interface  mean  that  the  system 
must  be  pulsed  to  discriminate  between  signals 
passing  straight  through  the  system  and  those  that 
experience  multiple  reflections.  The  minimum 
pulse  width  used  was  limited  by  transducer  band¬ 
width  to  lus.  corresponding  to  12  acoustic  wave¬ 
lengths.  Since  the  objects  examined  here  are  only 
a  few  wavelengths  in  thickness  the  object's  trans¬ 
missivity  closely  approaches  that  of  the  continuous 
wave  case. 

The  object  is  illuminated  with  a  tightly 
focussed  beam  and, because  the  object's  trans¬ 
missivity  is  a  strong  function  of  angle, each  of  the 
spatial  frequency  components  making  up  the  beam  is 
subject  to  a  different  transmission  coefficient. 
Additionally,  there  is  mode-conversion  from  the 
incident  and  transmitted  longitudinal  waves  to 
shear,  surface  and  plate  modes  within  the  object. 
Hence,  the  effective  object  transmittance  is  a 
complex  function  of  both  the  properties  of  the 
sample  and  the  parameters  of  the  acoustic  beam. 

The  resolution  achieved  within  the  object  is 
difficult  to  quantify  because  of  the  many  modes 
present  within  the  acoustic  beam  in  the  object. 

The  effective  lens  aperture  in  the  solid  will 
approach  180°  since  the  high  velocity  ratio  between 
the  water  bath  and  the  sample  ensures  there  will  be 
spatial  frequencies  extending  up  to  ±  90°  in  the 
sample.  This  increase  in  resolution  is  offset  by 
the  low  transmissivity  of  the  object-water  interface 
to  high  spatial  frequencies  and  the  increased 
spherical  aberration  associated  with  these  high 
spatial  frequencies.  An  estimate  for  the 
resolution  of  1.5  wavelengths  in  the  solid  was 
obtained  by  examining  the  edge  detail  in  the  images 
shown  below. 

The  high  impedance  mismatch  at  the  surface  of 
the  sample  (approximately  i5dB/interface)  reduces 
the  overall  S/N  of  the  system  to  35dB.  While  these 
mismatch  losses  can  be  tolerated  at  the  low  imaging 
frequencies  used  here  they  become  a  limiting  factor 
■in  higher  resolution  systems,  since  the  system  path 
losses  rise  with  frequency  squared.  By  using  low 
frequencies  and  trading  reduced  resolution  for 
improved  loss  in  the  system  this  avoids  the  use  of 


high  impedance  (and  usually  poo.  wetting)  fluids 
such  as  gallium  for  the  object  tt  lens  coupling. 


S intered 
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Dural  disks 
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T  shaped  void 


Fig.  2.  Geometry  of  Objects  Imaged. 

Two  types  of  object  have  been  exami ned  -  one 
containing  laminar  bonding  defects  and  one  contain¬ 
ing  voids. 

All  the  images  shown  are  of  10  by  10mm  fields 
of  view. 

In  each  case  the  object,  was  embedded  ir  a 
plate  with  acoustic  properties  similar  to  those  of 
the  object.  This  eliminated  standing  waves  in  the 
scan  plane  which  would  otherwise  have  appeared  as 
strong  interference  rings  in  the  image. 

In  the  first  object  type,  see  Fig.  2(a),  a 
carbon  diamond  composite  1mm  thick  was  sintered 
onto  a  steel  base  2.5mm  thick  and  10mm  in  diameter. 
Two  samples  of  this  type  were  examined.  In  one 
case  the  bond  between  the  two  materials  was  thought 
to  be  good  and  in  the  other  it  was  suspected  to  be 
poor.  The  images  obtained  are  shown  in  Fig.  3(a) 
and  (b)  respectively.  In  both  images  the 
difference  in  signal  level  from  black  to  white  is 
about  25dB.  It  can  be  seen  in  the  good  sample 
that  there  is  a  large  area  of  extremely  uniform 
transmissivity  and  a  smaller  area  of  rather  less 
uniformity  where  the  bond  quality  may  be  suspect. 
However,  in  the  image  of  the  defective  sample,  it 
can  be  seen  that  there  is  little  large  scale 
uniformity  and  the  variations  in  transmission  are 
much  larger  than  in  the  good  sample.  This 
indicates  the  poor  overall  nature  of  the  carbon 
steel  bond  in  this  sample. 
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Fig,  3(a)  and  id).  Images  o.  Good  and  Poor  Carbon-  Fig.  4{a)  and  (b) .  Images  of  Dual  Disk  with  2x  and 
Steel  Disks  -  10mm  square  field  of  view.  0.3*  T  Shaped  Voids  -  10mm  square  field  of  view. 


The  second  object  tyoe  imaged  is  shown  in  Fig. 
2(b)  and  was  fabricated  from  two  Dural  disks 
clamped  together  to  form  a  composite  disk  12mm  in 
diameter  and  4mm  thick.  A  small  T  shaped 
depression  was  machined  in  the  inner  surface  of  one 
of  the  disks  in  which  the  stem  of  the  T  was  2.\  and 
0.3X  -  shown  in  Fig.  4(a)  and  4(b)  respectively 

where  X  is  the  longitudinal  wavelength  in  the  Dural. 
Two  small  2>  holes  machined  in  the  disk  can  also  be 
seen  in  the  top  portion  of  Fig.  4(a).  An  attempt 
was  made  to  fill  the  voids  within  the  disks  with 
water  bofore  they  were  clamped  together.  This  was 
only  partially  successful  since  an  air  bubble  can 
be  seen  in  the  cross  bar  of  the  T  in  Fig.  4(a). 
While  the  T  in  Fig.  4(b)  is  not  fully  resolved  in 
this  image  the  picture  does  demonstrate  the  ability 
of  the  SAM  to  detect,  rather  than  imaga  defects 
much  less  than  a  wavelength  in  size. 


DARK  FIELD  ACOUSTIC  MICROSCOPY 

Dark  field  acoustic  microscopy  has  previously 
been  demonstrated  (9),  and  its  uses  are  similar  to 
those  in  optical  microscopy  -  the  examination  of 
highly  transmissive,  weakly  diffractive  objects. 

By  excluding  the  undiffracted  energy  from  the 
receiver,  a  more  sensitive  detector  may  be  used. 

We  have  developed  a  new  method  for  the  suppression 
of  this  energy  (10).  Fig.  5  shows  the  lens 
arrangement  of  the  dark  field  microscope.  The 
object  plane  Is  illuminated  by  a  normally  incident 
plane  wavefront,  produced  by  a  suitably  spaced 
piezoelectric  transducer,  A  conventional  SAM  lens 
assembly  is  used  to  receive  the  plane  wave,  and  is 
situated  on  the  source  axis.  The  lens  surface  is 
transmissive  to  zero  spatial  frequency  energy  but, 
because  of  total  internal  reflection,  the  active 
region  of  transmission  is  confined  to  the  centre  of 
the  lens.  The  receiving  transducer  is  only 
sensitive  to  normally  incident  energy,  because  it 
is  spatially  integrating,  and  so  only  a  small  part 
of  the  incoming  energy  is  detected.  We  reduce 


this  further  by  the  incorporation  of  an  absorbent 
or  reflective  stop  in  the  centre  of  the  lens, 
which  obscures  the  active  region.  Thus,  with  no 
object  present  no  signal  is  detected,  and  the 
system  is  dark  field.  A  diffracting  object 
produces  higher  order  spatial  frequencies,  to  which 
the  receiving  lens  is  sensitive.  Conventional 
mechanical  scanning  is  used  to  form  an  image,  which 
shows  the  energy  diffracted  by  the  object. 

The  effect  of  the  aperture  stop  is  to  narrow 
the  central  lobe  of  the  lens  focal  distribution, 
with  an  increase  in  the  sidelobe  level.  Selection 
of  the  stop  sire  must  achieve  a  satisfactory 
compromise  between  zero  order  suppression  and  the 
resulting  loss  in  resolution  caused  by  the  side- 
lobes.  This  on-axis  system  has  two  advantages  for 
the  applications  envisaged.  Because  the  source 
is  unfocussed,  alignment  of  the  system  is  greatly 
simplified,  an  important  factor  with  the 
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Fig.  5.  Dark  Field  Microscope  Lens  Configuration 

small  spot  sizes  in  high  frequency  acoustic 
microscopy  (>0.3um).  becondly,  because  the  lens 
is  on  the  source  axis,  the  spatial  frequency 
response  is  symmetrical.  The  lens  collects  all 
of  the  diffracted  energy  up  to  the  limit  imposed  by 
its  aperture. 

We  have  built  a  dark  field  acoustic  micro¬ 
scope  operating  at  12MHz  (wavelength  =  150um). 

T!,e  dimensions  of  the  stop  are  shown  in  Fig.  5. 

Fig.  6  shows  a  computed  model  of  the  focal 
distribution  of  the  lens,  with  and  without  the 
stop,  indicating  the  increase  in  sidelobe  level,  as 
well  as  a  slightly  reduced  central  lobe  width. 

The  stop  produced  an  additional  20dB  of  zero  order 
suppression.  We  are  experimenting  with  this 
system  in  order  to  determine  its  sensitivity  for 
defect  detection,  and  some  early  experiments  have 
used  cracks  in  solids  as  diffracting  objects. 

Fig.  7  shows  a  typical  image  of  a  c^ack  in  a  glass 
coverslip.  The  crack,  and  an  associated  standing 
wave  pattern  in  the  glass,  are  clearly  shown. 

Other  materials  which  we  are  examining  include 
polymer  films  and  human  tissue,  both  of  which  are 
highly  transmissive  to  sound  waves  and  may  be 
expected  to  yield  increased  contrast  with  a  dark 


Fig.  6.  Computer  Lens  Focal  Distribution 
(Parameters  as  in  Fig.  5.) 


Fig,  7.  Dark  Field  Image  of  Crack  in  Glass 
Coverslip.  (<  x/1 0  wide  by Z\  deep). 

ELASTIC  WAVE  PROPAGATION  AND  SCATTERING 


The  alternative  approach  to  that  of  seeking  to 
investigate  a  feature  by  producing  an  image  using 
a  technique  such  as  acoustic  microscopy,  is  to 
study  the  scattered  and  mode-converted  wavefield 
by  means  of  measurements  which  sample  the  time 
development  of  the  wavefield  at  specific  points. 

The  investigation,  now  at  UCL,  consists  of  a 
mixed  numerical  model  and  experimental  study  of 
wave  propagation  and  scattering,  whicn  is 
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principally  directed  toward  the  characterisation  of 
slots  and  hence  fatigue  cracks. 

FINITE  DIFFERENCE  MODELS 

The  basic  techniques  used  to  produce  finite 
difference  models  of  wave  propagation  and  scatter¬ 
ing  have  received  extensive  coverage  in  the 
literature  (11)  and  they  were  considered  at  last 
year's  meeting  (2).  An  example  of  the  numerical 
visualisations,  time- snap-shots,  for  the  type  of 
system  currently  under  investigation  is  shown  in 
Fig.  8.  The  model  is  in  a  cylindrical  coordinate 
system  and  is  using  a  short  pulse  of  limited  width 
introduced  at  the  inner  free  surface  of  a  section 
through  an  annulus.  The  main  wave  fronts  are 
identified. 


t-100  dt 


MODE-CONVERSION  TECHNIQUES 

In  addition  to  fundamental  studies  of  wave 
propagation  and  scattering,  the  investigations  have 
the  aims  of  providing  new  and  improved  methods  of 
ultrasonic  testing.  The  practical  studies  have 
concentrated  on  the  development  of  mode-conversion 
techniques  (2,5). 

The  basic  features  of  the  mode  conversion 
techniques  are:  the  use  of  short  pulse,  (broad¬ 
band),  waves  to  strike  a  target,  followed  by  the 
analysis  of  the  mode-converted  waves  which  are 
generated;  including  their  frequency  content. 

COMPRESS IONAL-RAYLEIGH  WAVE  TECHNIQUE 

Th-  conversion  of  body  to  surface  waves  by  a 
surface  breaking  feature  has  been  reoorted  by 
several  authors  including  Humphreys  and  Ash  (12) 
and  their  possible  application  to  NOT  was 
demonstrated  last  year  (2).  This  technique  has 
been  the  subject  of  further  study,  the  finding  of 
which  is  now  summarised.*  The  basic  experimental 
configuration  is  shown  in  Fig.  9. 
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Fig.  8.  Compressional  Impulse  in  a  Cylindrical 
System  (rz)  at  Three  Time  Levels. 

For  the  system  shown  in  Fig.  9  it  has  been  reported 
that  the  depth  of  the  slot  can  be  r  lated  to  the 
centre  frequency  of  the  mode-convr  •  .d  Rayleigh 
wave  pulse  by  the  relationship: 

Slot  depth  a  1/f2  (1) 


Fig.  9.  Basic  configuration  for  the  compression¬ 
al  Rayleigh  wave  mode-conversion  technique. 

★ 

Ultrasonic  mode-conversion  techniques  of  NOT: 

L.J.  Bond  (to  be  published) 


Further  measurements  of  depth  and  frequency 
for  both  slots  in- aluminium  and  stee!  and  fatigue 
cracks,  near  normal  to  the  free  surface  of  test 
blocks  have  been  made,  and  all  data  fell  in  a  band 
near  the  curve  defined  by  equation  1,  passing 
through  the  point  1.0mm  depth  and  1.0MHz,  which  is 
shown  in  Fig.  10.  The  general  form  of  the 
relationship  (equation  1)  was  established  by 
experiment.  A  physically  based  model  is  now 
proposed. 
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The  velocity,  (Vr),  frequency,  (f),  and  wave¬ 
length,  (x),  of  the  mode-converted  Rayleigh  wave 
are  related  in  the  usual  way  by; 

Vr  =  fx.  (2) 

The  motion  of  a  shallow  surface  feature  struck  by 
an  impulse  can  be  expected  to  be  re^tea  to  the 
features  dimensions  i.e.,  natural  frequencies.  For 
the  case  of  a  shallow  feature  where  the  depth  is 
less  than  the  length  of  the  incident  impulse  the 
type  of  motion  shown  in  Fig.  10a  could  occur.  The 
motion  of  the  sides  of  the  slot  would  be  such  that 
it  would  move  like  a  tuning  fork,  with  depth 
(length)  of  quarter  wavelength. 

When  the  length  of  slot  of  quarter  wavelength 
is  used  as  the  basic  frequency  for  the  Rayleigh 
wave  in  equation  1,  a  relationship  between  depth  of 
the  slot  and  the  frequency  of  the  Rayleigh  wave  is 
obtained; 

f  =  V„/4x  (3) 

a'  Slot  at 
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Fig.  10.  The  ^ jpth-Frequency  Relationship  for 
the  Compression-Rayleigh  Mode-Conversion  Technique 

(a)  Motion  of  shallow  slot 

(b)  Motion  of  deep  slot 

(c)  Depth  frequency  relationship 


When  equation  3  is  plotted  with  the  experimental 
data  the  agreement  for  shallow  features  is  found  to 
be  good.  However,  for  deeper  features  the  results 
do  not  agree.  It  is  therefore  suggested  that  a 
different  form  of  motion  occurs  when  the  impulse  is 
short  compared  with  feature  depth. 

For  the  case  of  a  deeper  feature  where  the 
incident  impulse  is  short  compared  with  the  length 
of  the  slot,  the  sides  of  the  slot  can  be  expected 
to  bow  before  the  top  corners  move  and  motion  would 
be  as  shown  in  Fig.  10b,  where  slot  length  (depth) 
is  half  wavelength. 

By  substitution  in  equation  2,  a  relationship 
between  depth  and  frequency  is  obtained: 

f  =  Vr/2x  (4) 

which,  when  plotted  with  the  experimental  data  (as 
shown  in  Fig.  10),  is  in  good  agreement  for  the 
case  when  the  feature  is  long  compared  with  the 
length  of  the  exciting  impulse. 

The  agreement  between  this  simple  model  and 
experimental  results  is  seen  to  be  good,  as  shown 
in  Fig.  10. 

A  small  shift  in  the  position  of  the  curve  was 
found  for  measurements  on  steel  blocks  and  this  was 
in  agreement  with  the  theory. 

USING  CONVENTIONAL  A-SCAN 

The  application  of  the  compressional -Rayleigh 
wave  mode-conversion  and  other  similar  techniques, 
require  a  special  short  pulse  signal  generator 
together  with  a  spectrum  analyser. 

Investigations  have  been  performed  using 
conventional  A-Scan  ultrasonic  NDT  testing  equip¬ 
ment,  with  a  range  of  commercially  available  probes 
to  apply  mode-conversion  techniques.  This  work  is 
illustrated  by  results  obtained  by  Shear-Rayleigh 
wave  mode-conversion  techniques.* 

SHEAR-KAYLEIGK  WAVE  TECHNIQUES 

The  basic  configurations  for  two  shear- 
Rayleigh  wave  conversion  techniques  are  shown  in 
Fig.  11a.  The  mode-conversion  which  occurs  is 
found  to  depend  on  the  detailed  pulse  excitation 
used  and  the  probe  angle,  in  addition  to  the 
relationship  between  slot  depth  and  frequency  of  the 
incident  wave.  It  is  found,  however,  that 
significant  mode-conversion  to  Rayleigh  waves 
occurs,  (20dB  above  noise),  for  a  wide  range  of 
shear  wave  transducer/defect  combinations. 

Examples  of  the  type  of  A-scan  obtained  are 
shown  in  Fig.  11c. 

MULTI-PROBE  SYSTEMS 

The  experiments  reported  so  far  in  this 
section  are  two  probe  methods  which  relate  to  the 
characterisation  of  slots  and  cracks  normal  and 
near-normal  to  the  surface  of  blocks  in  plate 
configurations.  Both  the  defect  geometry  and  that 
of  the  object  under  test,  can  be  considerably  more 
complex  than  this. 

■k 

Ultrasonic  mode-conversion  techniques  for  NDT: 

L.J.  Bond  (to  be  published) 
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Fig.  11.  Shear-Rayleigh  wave  mode-conversion 
Techniques : 

(a)  and  (b)  Basic  configuration 
(c)  A-scan. 

The  angular  dependance  of  scattering  of 
compression  waves  by  slots  normal  to  the  surface 
has  been  investigated  both  using  numerical  models 
and  experiments  (4).  The  characterisation  of 
features  non-normal  to  a  surface  adds  further 
complexity  to  the  experimental  results. 

An  extension  of  the  Compressional-Rayleigh 
wave  system  to  give  both  crack  length  and  angle, 
(depth),  is  shown  in  fig.  12,  which  uses  the 
relative  amplitudes  of  the  spectral  content  of  the 
signals  from  the  two  Rayleigh  wave  transducers. 

For  specific  types  of  structure, specific  probe 
combinations  can  be  advantageous  and  an  example  for 
a  step  section  is  the  system  shown  in  Fig.  13. 

The  use  of  small  computer  systems  can  provide  on¬ 
line  analysis  where  the  interpretation  of  several 
signals  is  complex,  for  multi-probe  systems. 

To  summarise  it  has  been  found  that  short 
impulses  of  elastic  waves  at  ultrasonic  frequencies 
can  be  used  to  excite  resonance  phenomena  which  can 
be  related  to  feature  dimensions  via  the  frequency 
content  of  the  mode-converted  waves  which  are 
produced,  and  hence,  provide  a  range  of  techniques 
for  defect  detection  and  characterisations. 
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Fig.  12.  Three-probe  Compressional-Rayleigh 
mode-conversion. 
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Fig.  13.  Three-probe  Compressional-Rayleigh 
Shear  System. 

HIGH  RESOLUTION  ACOUSTIC  PROBE 


The  measurement  of  transducer  beam  profiles  is 
an  important  step  in  the  characterisation  of  a  NDT 
measurement  system.  Conventional  probes  use  a 
small  piezoelectric  chip  to  provide  spatial 
selectivity.  However  the  dimensions  of  the  chip 
can  be  inconveniently  small.  An  alternative 
approach  is  shown  in  Fig.  14.  An  aluminium  cone 
is  mounted  so  that  the  tin  of  the  cone  just  touches 
the  inner  surface  of  a  sleet  of  mylar  film.  If  an 
ultrasonic  field  impinges  upon  the  outer  surface  of 
the  mylar  film,  only  that  portion  of  the  field  in 
the  neighbourhood  of  the  cone  tip  will  be  coupled 
into  the  cone.  This  energy  is  collimated  by  a 
lens  at  the  base  of  the  cone  and  detected  by  a 

High  resolution  acoustic  probe:  W.  Duerr,  D.A. 
Sinclair,  E.A.  Ash  (to  be  published) 
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Fig.  14.  Components  of  High  Resolution  Probe. 

The  resolution  of  the  probe  is  determined  by 
the  area  of  contact  between  the  mylar  film  and  the 
probe  tip  -  a  parameter  readily  controlled  in 
manufacture.  Since  there  is  a  high  velocity  ratio 
between  the  aluminium  and  the  water  coupling  the 
cone  to  the  transducer,  a  simple  spherical  lens 
produces  negligible  spherical  distortion.  The  air 
gap  between  the  mylar  rum  and  cone  sides  provides 
good  isolation  due  to  the  high  impedance  mismatch 
between  the  air-water  and  air  aluminium  interfaces. 
To  provide  the  best  sensitivity,  it  is  essential  to 
reduce  the  losses  within  the  probe  to  a  minimum. 

A  quarter  wave  matching  layer  of  lOym  aluminium 
powder  and  Araldite  epoxy,  (1:1  by  weight),  was 
used  on  both  the  lens  and  the  transducer  face.  This 
reduced  the  insertion  loss  of  the  probe  by 
approximately  12dB. 

A  probe  for  use  at  4.5MHz  has  been  construct¬ 
ed  and  its  resolution  determined  experimentally. 

Two  probes  were  placed  in  a  water  bath  and  the 
first  probe  used  to  scan  the  field  produced  by  the 
second.  The  probes  were  separated  by  d  axially. 

If  the  field  produced  by  the  first  probe  in  a  plane 
located  at  the  probe  tip  and  orthogonal  to  the 
probe  axis  is  fj(x,y),  for  unit  transducer  excit¬ 
ation,  then  the  output  of  the  second  probe  at  scan 
coordinate  (x,y),  is  given  by 

V(x,y)  =(  f2(a,b)f1(x-a,y-b)dadb  (5) 

J  »co 

where  f2(x,y)  is  the  field  distribution  fi(x,y) 
propagated  forward  a  distance  d  from  the  plane  of 
the  first  probe  tip  to  the  plane  of  the  second. 

Thus  it  is  possible  to  measure  the  convolution  of 
the  probe  spatial  sensitivity  fi(x,y)  with  this 
same  function  propagated  a  distance  d. 

Fig,  15a  shows  the  result  of  scanning  the  two 
probes  in  one  dimension  at  a  separation  of  20pm. 
Fig.  15b  shows  the  convolution  of  the  prole 
sensitivities  after  the  effect  of  the  propagation 
distance  between  them  has  been  removed.  To  obtain 
a  single  probe's  spatial  sensitivity,  it  is 
necessary  to  perform  a  deconvolution  on  Fig.  15b. 


In  practice  it  is  difficult  to  perform  this  since 
the  convolved  function  in  Fig.  15b  contains  no 
information  about  the  phases  of  the  spatial 
frequencies  making  up  fi(x,y). 


Fig.  15.  (a)  Result  of  Two  Probe  Convolution 

experiment. 

(b)  After  Accounting  for  Probe  Spacing. 


An  alternative  method  of  assessing  the 
resolution,  is  to  assume  a  Gaussian  form  for  the 
probe  spatial  sensitivity  function.  Thus  in  one 
dimension: 


/w 


2 


(6) 


The  convolution  of  a  Gaussian  with  itself  is 

2  2 

V ( x )  =  (f(a)f(x-a)  da  =  v7*  e‘x  /(?w 

>  w 

The  width  of  the  convolved  Gaussian  is  /?  times 
that  of  the  original  Gaussian.  Since  the  1/e 
width  of  the  curve  in  Fig.  15b  is  llOym  an  estimate 
for  the  probe  resolution  is  75ym  in  water  and  so  it 
is  possible  to  sample  fields  with  the  maximum 

theoretical  resolution.  Indeed,  in  the  presence 

of  evanescent  fields,  sub-half  wavelength 
resolution  is  possible.  There  is  an  almost 
complete  absence  of  sidelobes  in  the  probe  spatial 
sensitivity.  Thus,  this  system  offers  improved 
performance  over  an  arrangement  in  which  a  lens 
alone  is  used  to  obtain  the  spatial  sensitivity. 


The  probe  of  Fig.  14  has  been  used  to  measure 
the  focal  plane  distribution  of  a  4MHz  fused 
quartz-water  lens,  (radius  16mm,  aperture  25mm, 
velocity  ratio  3.9),  illuminated  by  an  approximate¬ 
ly  plane  wave  produced  by  a  transducer  glued  to  the 
far  end  of  the  lens  rod.  The  field  obtained  is 
shown  in  Fig.  16.  The  measured  central  lobe  half 
width  of  340ym,  agrees  well  with  the  theoretical 
value  of  x/(2sine)  =  312ym,  where  e  is  the  half 
aperture  angle  of  the  lens.  The  lack  of  symnetry 
in  the  beam  profile  can  be  attributed  to  poor 
bonding  of  the  transducer  to  the  lens  rod  and  con¬ 
sequent  non-uniform  illumination  of  the  lens 
aperture.  The  absence  of  side  lobes  in  the  lens 
response  was  due  to  poor  detector  sensitivity. 


In  conclusion,  a  probe  has  been  demonstrated 
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which  can  give  at  least  half  wavelength  resolution. 
Manufacturing  tolerances  should  not  inhibit  the 
performance  of  similar  probes  up  to  at  least  IbMHz. 


Fig.  16.  Focal  Plane  Distribution  of  4MHz 
Lens  (2mm  square  scan). 

ZINC  OXIDE  TRANSDUCERS 

For  high  frequency  (>  100  MHz)  attachable  SAW 
and  bulkwave  transducers  for  NDT,  thin  film  deposi¬ 
tion  techniques  offer  a  solution  to  the  problem  of 
fabricating  the  very  thin  layers.  However,  the 
deposition  technique  and  the  material  system  must 
be  carefully  selected;  few  deposition  techniques 
are  capable  of  depositing  single  or  poly-crystal 
layers  on  amorphous  substrates,  the  stoichiometry 
of  the  material  may  be  modified  by  the  process  and 
crystallographic  orientation,  uniformity  and  thick¬ 
ness  control  are  obviously  key  requirements. 

Zinc  oxide  deposited  by  r.f.  sputtering 
appears  to  be  capable  of  meeting  these  requirements: 
certainly  groups  in  Europe  (12),  Japan  (13),  the 
UK  (14)  and  the  USA  (15),  have  demonstrated 
transducers  with  electro-mechanical  coupling 
coefficients  close  to  bulk  material  values.  The 
problem  is  resolved  to  that  of  finding  the  key 
process  parameters  which  enable  the  deposition 
reproducibility  to  be  maintained  close  to  100%. 

The  latter  summarises  the  objective  of  the  current 
program  at  UCL. 

The  deposition  system  is  similar  in  many 
respects  to  that  used  by  other  groups  and  is 
illustrated  schematically  in  Fig.  17.  The  major 
differences  are  to  be  found  in  the  quantity  and 
sophistication  of  the  process  monitors  built  into 
the  plasma  chamber;  a  mass-spectrometer  supervises 
the  partial  pressure  of  residual  gases  and  particu¬ 
larly  hydrocarbons,  (nitrogen  and  carbon  having  an 
adverse  effect  on  the  crystallite  orientation), 
while  the  total  plasma  pressure,  power  feed  and 
matching  are  monitored  at  several  points  to 
maintain  process  stability  (16).  The  optical  film 
monitor  was  developed  (16)  specifically  for  this 
application  and  is  of  the  single  beam-path  type. 

The  target  is  'five-nines'  Zinc  on  a  magnetron 
electrode  energised  by  a  1.5KW  r.f.  supply.  A 
liquid  nitrogen  cryo-trap  surrounds  the  plasma, 


immobilising  water  vapour  and  hydrocarbons  in  this 
region.  A  typical  deposition  starts  from  a 
chamber  pressure  of  10  7  T  with  nitrogen  and  carbon 
partial  pressures  below  10~9  T.  An  oxygen  plasma 
at  10"2  T  is  then  initiated  with  an  input  power 
density  at  the  target  of  2Wcm”2.  The  carget- 
substrate  spacing  is  4cm  and  the  substrate  temper¬ 
ature  is  held  at  400°C.  Under  these  conditions, 
the  deposition  rate  is  circa  2.5  microns  per  hour. 
R.f.  bias  may  be  applied  to  the  substrate  prior  to 
deposition  to  effect  final  cleaning  and,  during 
deposition,  to  alleviate  strain  in  the  layer. 

Since  the  need  is  for  a  versatile  process, 

ZnO  films  have  been  deposited  on  a  wide  range  of 
substrates  including  metallised  silica,  lattice- 
matched  sapphire,  glasses  and  silicon.  The  layers 
have  been  assessed  structurally,  (x-ray  diffraction, 
SEM  section,  electron  diffraction),  optically, 
(optical  and  SEM  microscopy  for  surface  topography, 
and  optical  waveguiding  for  gross  internal  struct¬ 
ure),  and  by  SAW  and  bulk  wave  delay-line  tests. 
Typical  results  of  the  acoustic  tests  indicate  bulk 
wave  transducer  double-transit  insertion  losses 
ranging  from  3dB  at  300MHz  to  6dB  at  650MHz;  the 
evaluations  were  performed  on  silica  delay  lines. 

The  SAW  tests  to  date  indicate  single  transducer 
loss  of  8dB  at  170MHz  for  layers  deposited  on 
sapphire  with  aluminium  thin  film  interdigital 
electrodes  and  without  a  ground  plane;  the  bi¬ 
directional  loss  was  discounted. 

The  correlation  of  acoustic  performance  with 
the  desired  c-axis  orientation,  (0002),  suggests 
that  the  substrate  surface  is  critical  in  the 
effect  on  the  growing  layer.  Also  that  the  pro¬ 
cess  repeatability  is  clearly  related  to  the 
stability  and  reproducibility  of  the  plasma  chamber 
conditions.  For  example,  the  substrate  influence 
on  the  preferred  orientation  of  the  ZnO  is 
demonstrated  in  the  x-ray  diffraction  peak  intens¬ 
ity  shown  in  Fig.  18a;  this  sample  was  deposited 
on  a  glass  substrate  and,  in  the  same  deposition 
run,  a  bulk  wave  transducer  was  included  (gold  film 
on  silica).  The  acoustic  wave  propagation 
characteristics  of  the  latter  indicated  a  predomi¬ 
nantly  (0002)  crystallite  structure,  while  the  film 
on  glass  has  a  (1010)  orientation.  In  a  subseq¬ 
uent  run  under  similar  conditions,  a  thin  film  of 
aluminium  was  pre-deposited  onto  the  glass  ...... 

and  the  orientation  changed  to  that  of  (0002) 
while  the  (0001)  sapphire  and  Au/silica  surface 
maintained  the  (0002)  structure.  In  both  cases 
the  bulk  wave  delay  lines  had  similarly  low  losses 
of  circa  3dB  per  transit. 

The  very  marked  effect  of  the  release  of 
residual  gases  from  the  cryo-pump  is,  we  believe, 
indicative  of  the  need  for  very  precise  process 
control.  Fig.  19  shows  a  SEM  micrograph  of  a 
cross  section  of  a  ZnO  film  grown  on  glass. 

During  the  deposition  process,  the  liquid  nitrogen 
feed  to  the  cold-spiral  was  turned  off,  and  the 
spiral  was  allowed  to  warm  up.  The  abrupt  change 
in  the  mode  of  growth  at  this  point  can  be  clearly 
seen.  The  densely  packed  layer  initially  grown 
under  low  residual  gas  pressure  conditions  gives 
way  to  a  rather  loosely  packed  structure  when 
the  trap  released  the  contaminants.  X-ray 
analysis  of  this  film  indicated  that  the  preferred 
(0002)  orientation  had  been  maintained  despite  the 
perturbation  in  the  process,  but  the  bulk  wave 
single  transit  loss  had  risen  slightly  to  4dB. 

The  implication  in  this  particular  case  is  that  the 
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Fig.  18.  (a)  X-ray  Diffraction  Peaks  for  ZnO  layer  on  Glass,  (b)  X-Ray  Diffraction  Peaks  for  ZnO 

Layer  on  Aluminium  Film  on  Glass  Deposited  under  Similar  Conditions  to  (a)  Result. 
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Fig.  19.  SEM  Section  through  ZnO  Layer  Grown  on 
Glass  -  Note  the  Change  in  Density  Caused  by 
Sudden  Release  of  Residual  During  Deposition. 

physical  structure  had  been  modified  without 
apparently  degrading  the  acoustic  performance 
seriously.  It  would,  however,  seem  to  be  unwise 
to  hope  that  similar  failures  in  the  process  will 
always  have  so  little  significance,  thus  our 
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Fig,  20.  Transducer  Insertion  Loss  Against 
Frequency  for:  (a)  Transducer  with  two  crystallite 
orientations;  c-axis  normal  and  parallel, to  the 
majo»-  film  plane,  (b)  similar  transducer  with  c-axis 
predominantly  normal  to  the  major  film  plane. 


ultimate  deposition  system  will  employ  a  micro¬ 
computer  to  supervise  the  monitoring  during  trans¬ 
ducer  fabrication.  An  example  of  the  rather 
dramatic  effect  of  poor  process  control  is  shown  in 
Fig.  20  in  which  the  curves  labelled  (a)  are  for 
a  bulk  wave  transducer  with  mixed  orientation  in 
the  film, while  curve  (b)  is  for  a  film  of  the 
preferred  orientation  only.  The  former  shows  that 
two  types  of  wave  of  slightly  differing  velocities 
are  launched,  with  the  consequence  that  the 
desired  mode  has  much  higher  losses  than  are 
acceptable. 

To  summarise,  the  work  is  beginning  to 
explain  how  the  acoustic  parameters  of  a  transducer 
relate  to  the  physical  properties  of  the  thin  film 
material,  and  in  turn,  how  these  properties  can 
be  controlled  by  modifying  the  process  conditions. 

A  number  of  important  features  in  this  chain  of 
events  have  been  identified  and  we  expect  these  to 
lead  to  a  continued  improvement  in  the  deposition 
process. 


CONCLUSIONS 


A  wide  range  of  applications  of  ultrasonic 
waves  have  been  demonstrated.  In  particular 
the  transmission  SAM  is  shown  to  be  a  useful  tool 
operating  at  low  frequencies  and  modest  resolut¬ 
ions  to  give  mecnanical  data  and  image  defects  in 
opaque  objects. 

The  new  on-axis  dark  field  system  has  been 
demonstrated  as  a  tool  for  the  detection  and  imag¬ 
ing  of  weakly  diffractive  material  defects. 

The  fundamental  studies  of  wave  propagation 
and  scattering  are  continuing  to  provide  descript¬ 
ions  of  systems  for  which  no  analytical  solutions 
exist,  in  particular  in  support  of  the  mode- 
conversion  techniques,  which  have  now  proved  them¬ 
selves  as  practical  crack  detection  and  character¬ 
isation  tools.  A  high  resolution  acoustic  probe 
has  been  demonstrated  which  offers  sub-half-wave¬ 
length  resolution.  Manufacturing  tolerances 
should  not  be  a  limiting  factor  on  the  probe’s 
performance  for  frequencies  up  to  15MHz. 
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SUMMARY  DISCUSSION 


Gordon  Kino,  Chairman  (Stanford  University):  I  am  Interested  In  the  focused  aluminum  conical 

transducer.  Do  I  understand  that  to  be  basically  a  lens  behind  -  you  have  got  It  there  (Figure 

14),  fine.  The  transducer  Is  out  here,  and  you  get  a  plane  wave  approaching  that  lens  - 

Leonard  Bond  (University  College,  London):  Yes.  You  basically  get  the  wave  coming  In,  and  It  hits  the 
Mylar  film.  You  are  just  sampling  your  wave  at  the  tip  of  the  aluminum  lens.  That  then 

focuses  the  energy  you've  captured  down  through  the  system,  and  you're  then  producing 

practically  plane  waves  that  travel  through  water  to  the  transducer  which  is  a  conventional 
piezoelectric  transducer. 

Gordon  Kino,  Chairman:  What  Is  the  purpose  of  the  Mylar  film? 

Leonard  Bond:  It  is  basically  that  the  air-aluminum  gives  better  Isolation  at  the  cone  side  rather  than 
having  water  rest  on  it. 


Gordon  Kino,  Chairman:  Very  pretty. 


Leonard  Bond:  It's  a  /ery  nice  little  thing,  and  it  seems  to  work  very  well. 
Mr.  Schmitz  (Germany):  What  is  the  bonding  sensitivity  of  this  bond. 


Leonard  Bond:  The  sensitivity. 

experiments.  The  main 
the  sensitivity  of  the 
we  have  raised  so  far. 


At  the  moment,  it  is  better  than  30  db  signal  to  noise  in  actual 
problems  seem  to  be  with  electronics  rather  than  the  actual  limits  on 
probe.,  so  it's  something  over  30  db  signal  to  noise,  and  that's  the  best 
It  should  be  a  lot  better  than  that. 


Bob  Bray  (Stanford  University):  I  wonder  what  frequency  you  use  in  the  probe? 
Leonard  Bond:  At  the  moment  It  is  being  used  between  1  and  15  megahertz. 
Gordon  Kino,  Chairman:  Is  it  a  broad-band  probe  or  are  there  several  probes? 


Leonard  Bond:  Several,  hut  there  has  been  one  particular  one  that  has  been  working  at  about  10.  It 

seems  to  be  working  okay.  It  has  been  demonstrated  between  1  and  15.  There  have  been  several 
attempts  at  that. 

Dale  Collins  (Battelle  Northwest):  What  about  the  reflection  between  your  water  and  the  lens.  It  looks 
like  you  have  reflections  bouncing  around  depending  on  how  sharp  a  pulse  you  hit  it  with. 

Leonard  Bond:  I  think  its  all  being  used  with  quite  short  pulse  work. 

Larry  Kessler  (Sonoscan):  The  zero  order  stop  on  your  dark  field  diagram  (Figure  5)  seemed  to  be  in  a 
funny  place.  I  would  expect  it  to  be  in  the  focal  zone  of  the  transducer. 


Leonard  Bond:  This  is  the  one  like  that  one  shown  of  my  colleagues-  I  believed  him  that  he  was 

right.  If  it  is  not  correct,  I  apologize,  and  we  can  check  what  he  actually  put  in  the  figure 
in  the  paper. 

Larry  Kessler:  The  question  really  is:  does  that  work  as  well? 

Leonard  Bond:  I  understand  one  of  the  pictures  is  that  he  did  say  that  the  stop  was  different,  and  this 
was  one  of  the  things  that  is  improving  it,  and  he  says  it  is  a  new  way  of  actually  fabricating 
a  dark  Held  system,  and  I  tended  to  believe  him.  I  am  not  an  expert  on  microscopy. 

Larry  Kessler:  Kumar  may  be  able  to  help. 

Kumar  Wickramasingne  (University  College  London):  It  does  stop  at  zero  because  you  go  from  one  side. 

So  the  transfer  function  is  a  rectangle  function.  It's  a  certain  function  in  the  system. 

Gordon  Kino,  Chairman:  Put  another  way,  Larry,  the  rays  in  the  center  are  the  ones  which  correspond  to 
a  parallel  beam  coming  back,  and  you're  sorting  those  out,  getting  rid  of  them.  You  can  only 
receive  rays  which  are  coming  at  an  angle. 


Larry  Kessler:  Something  doesn't  gibe. 

Unidentified  Speaker:  Can  you  show  this  view,  the  previous  viewgraph? 
Leonard  Bond:  All  three?  (Figure  14). 
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Unident1f1^ed  Speaker^  Yes.  In  tMSfViewgraph^n^J|e^^ umlnum^and^the  wlter?^  D^d|you^ask°thateso(nehow, 
or  did  you  use  any  damping  materials,  you  know,  to  avoid  any  reflections? 

Leonard  Rond:  As  Kumar  is  saying,  there  is  good  matching. 

Jan  Van  den  Andel  (Westinghouse.  Canada):  How  Is  the  whole  thing  coupled  to  the  material?  Is  there 
another  water  fill  or  - 

Leonard  Bond:  You  then  insert  it  in  the  water  tank. 

“ ,an  Et'ifsr.;;.;  ssfiis *s  **• 

area  where  you're  interested  in  because  there  must  be  reflections. 

Leonard  Bond:  Can  you  answer  that  for  us,  Kumar? 

Pnrdnn  K1 no  Chairman'  It  It  possible  that  you're  getting  -  perhaps  I  didn't  quite  get  It  either. 
Gordon  talk  to  each  other  afterwards.  Thank  you  very  much. 
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ABSTRACT 


The  use  of  arrays  and  the  possibility  of  electronic  beam  steering,  focusing  and  side  lobe  suppression 
allows  a  better  defect  classification  and  reconstruction  of  defective  areas  in  work  pieces,  components 
and  industrial  plants.  Because  of  synthesizing  a  large  sector  by  a  narrow  ultrasonic  beam,  the  advantage 
of  a  narrow  beam  for  oood  signal/noise  ratio  is  combined  with  the  advantage  of  a  broad  beam  for  good 
detectability  of  unfavorable  orientations  of  flaws.  A  Fortran  program  has  been  written  for  an  equidistant 
or  nonequidistant  linear  array  with  the  arbitrary  choice  of  amplitude  and  phase  of  each  element.  For 
shear  wave  excitation,  the  shear  wave  point  characteristic  of  a  point  source  is  implemented.  The  phased 
array  technique  has  been  used  for  distinction  between  cracks  and  voluminous  flaws  and  for  the  destination 
of  flaw  inclination  and  surface  curvature.  Three  evaluation  methods  can  be  used:  interpretation  of  the 
sector  display;  generation  of  compound-scan  amplitude  locus  curves,  and  flaw  imaging  by  superposition  of 
all  sector  scans  on  a  storage  display.  The  experimental  results  show  that  the  arrays  are  a  powerful  tool 
in  increasing  the  reliability  of  nondestructive  testing  methods. 


INTRODUCTION 

One  of  the  central  points  in  nondestructive 
evaluation  (NDE)  is  the  flaw  analysis,  i.e.,  the 
determination  of  shape,  size  and  orientation  of 
defects.  Especially,  the  distinction  between 
cracks  and  voluminous  defects  is  of  great  impor¬ 
tance.  The  flaw  size  is  usually  estimated  by  echo 
height  assessment  related  to  the  equivalent  disc 
reflector  which  is  oriented  perpendicularly  to  the 
acoustic  axis  of  the  probe.  A  more  far  reaching 
defect  characterization  is  possible  by  evaluating 
amplitude  locus  curves  (AOK)  which  are  generated 
by  recording  the  echo  height  versus  probe  position. 
Classification  by  such  methods  has  been  done  until 
now  with  only  simple  model  reflectors.  Flaws  which 
are  large  in  comparison  with  the  beam  diameter  can 
be  measured  by  scanning,  however,  there  is  a  high 
probability  that  the  beam  is  deflected  and  only 
flaw  edges  are  recognized.  New  methods  for  defect 
classification  and  reconstruction  arise  by  using 
electronically  steerable  array  probes.  It  is 
possible  to  influence  the  sound  field  on  a  large 
scale  by  changing  the  insonification  angle,  beam 
diameter,  ratio  between  main  lobe  and  side  lobes  or 
to  synthesize  a  large  sector  by  steering  a  narrow 
sound  beam.  The  dynamic  movement  of  an  image 
when  moving  the  probe  along  the  surface  gives 
additional  information. 

To  check  all  these  possibilities,  a  modified 
medical  phased  array  system  has  been  used.  The 
system  operates  at  2  MHz  and  the  focus  can  be 
varied  within  the  nearfield  of  a  20  element  probe. 
The  effect  of  the  dimensions  of  the  elements  Of 
such  an  array,  together  with  acoustical  coupling 
effects,  has  been  calculated  and  used  for  the  de¬ 
sign  of  optimized  probes. 

CALCULATION  OF  ARRAY  BEAM  PATTERNS 


For  the  calculation  of  the  beam  patterns,  the 
basic  Huyghen's  principle  is  used.  It  is  assumed 
that  the  single  elements  of  the  array  are  arranged 
in  one  line  but  the  distance  between  two  elements 
can  be  equidistant  or  nonequidistant.  Each 
element  may  be  individually  excited  in  amplitude 
and  phase.  The  program  calculates  the  intensity 


of  one  component  of  particle  displacement.  For 
longitudinal  waves,  it  is  the  normal  particle 
displacement  and  for  shear  waves,  the  tangential 
displacement  in  a  distance  z.  The  particle  dis¬ 
placement  can  be  calculated  for  up  to  500  differ¬ 
ent  points  in  a  constant  distance  z  or  in  a  fixed 
radius  from  the  array  center,  Amplitudes,  phases 
and  number  of  elements  must  be  within  100. 

With  Si k  the  position  of  one  element,  Riu  the 
distance  to  a  field  point  A(x,y,z),  and  B-j tne 
corresponding  angle  to  this  field  point  are  complex 
added: 


L  M 

u(A(x,y,z) )  *  t  I— e^kKnk'  *Vu(B,t) 
«  k  Rnk 


(1) 


with 

L  =  number  of  array  elements 
M  =  number  of  division  of  each  element 
k  =  wave  vector 

f)  =  phase  of  each  single  element 
u  =  particle  velocity  of  a  point  source 
attached  to  a  half  space 
R  =  directivity  pattern. 

The  beam  pattern  of  a  point  for  longitudinal  waves 
has  been  chosen  according  to  Krautkraemer  to 
UM  =  cos  8  and  for  shear  waves  according  to  Miller/ 
Pursey  (Ref.  1). 


sin  29 


e  - 1 


f  <j> 


(2) 


l  =/*sin0  (3) 

f(j)  =  nVFF 


n2,  iLLivl 
r  1  -  2v 


(5) 


with 

v  =  Poi sson 1 s  ratio 
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The  directivity  function  calculates  to: 

R  =  uN  '  u^  or  ■  uT  -  u* 

The  program  has  been  written  in  Fortran,  implement¬ 
ed  on  a  PUP  11  and  on  a  VAX.  The  basic  structure 
Is  seen  in  Fig.  1: 


Fig.  1  Program  used  for  the  calculation  of  array 
beam  pattern. 

Key  elements  in  array  systems  are  the  delay 
lines,  modern  equipment  use  charged  coupled  delay 
lines  (CCD's).  The  delay  time  of  these  devices 
is  proportional  to  aninternal  clock  frequency. 

The  clock  frequency  is  generated  by  a  frequency 
synthesizer,  which  is  a  phase  locked  loop  generator. 
The  time  this  loop  needs  to  stabilize  depends  on 
the  accuracy  of  the  frequency  needed.  The  program 
has  been  used  to  calculate  the  array  directivity 
pattern  of  an  improperly  steered  array  and  calcu¬ 
lations  run  for  a  20  element  array  with  elements 
distanced  X/2  both  for  longitudinal  waves  and  for 
shear  waves.  We  have  found  that  instead  of  a  500 
Hz  step,  a  frequency  step  of  10  kHz  is  still  allow¬ 
able  (Fig.  2(a)  and  (b). 

The  use  of  100  kHz  steps  is  not  recommended 
because  the  effect  is  a  second  main  lobe.  Phase 
errors  by  use  of  the  10  kHz  steps  consist  of  small 
shifts  in  the  main  lobe  of  about  3°  and  a  small 
shift  in  the  distance  to  the  side  lobes. 

Another  application  has  been  to  calculate  the 
effect  of  amplitude  shading.  Figure  3  shows  a  16 
element  array  with  elements  spaced  X/2  wave  length 


Fig.  2  Directivity  pattern  of  a  steered  50°,  20 
element  array  with  shear  wave  excitation, 
(a)  509  Hz  clock  frequency;  (b)  10  kHz 
clock  frequency. 

apart,  with  and  without  Hamming  weighting.  The 
beam  has  been  steered  by  45°.  The  dotted  line 
corresponds  to  the  nonweighted  array.  The  main 
lobe/side  lobe  distance  is  about  10  dB.  The  use 
of  the  amplitude  shading  increased  this  distance 
to  about  25  dB. 

A  third  application  is  the  calculation  of 
directivity  patterns  for  arrays  with  nonconstant 
distances  of  thp  single  elements.  One  possibility 
is  the  sin  distribution: 

Si  =4  (i  +P.sin|f)  (7) 
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3  Array-Shear-Wave-Beam-Pattern,  45°  steered, 
with  and  without  Hamming-weighting. 


with  S.j  =  distance  of  the  i-th  element  to  the 
midth  of  the  array,  L  =  array  length,  N  =  number 
of  elements  and  p  =  coefficients.  The  p  coeffi¬ 
cients  cause  a  narrower  element  distance  in  the 
middle  of  the  array.  For  a  2  MHz,  11  element  array 
the  calculations  are  performed  for  an  average 
element  distance  of  1.5,  0.5  and  .75  wavelength. 
With  a  1.5  wavelength  element  distance,  the  11° 
steering  of  the  array  caused  a  main  lobe/side  lobe 
distance  of  only  4  dB.  A  weighting  by  Dolph- 
Tschebyscheff  could  increase  this  distance  by 
only  0.5  dB.  An  element  distance  of  1  wavelength 
allowed  a  steering  of  20°  with  6.8  dB  side  lobe 
suppression  and  an  improvement  by  4  dB.  An 
average  element  distance  of  0.75  wavelength  allow¬ 
ed  a  steering  of  30°,  with  5.5  dB  and  together  with 
Dolph-Tschebyscheff  shading  of  10  dB.  The  calcu¬ 
lations  showed  in  this  case,  four  elements  can  be 
saved  when  steering  within  20°. 


echo  height  changes  from  probe  position  to  probe 
position.  The  position  and  the  movement  of  an 
image  point  in  a  sector  display  Is  proportional  to 
the  position  and  the  velocity  with  which  the  probe 
is  moved.  From  the  variation  of  the  image,  in 
time,  intensity  and  position,  conclusions  can  be 
drawn  about  the  flaw  parameters  like  shape,  size 
and  orientation.  (Ref.  3,4). 

First,  we  will  discuss  the  case  of  an  ideal 
curved  reflector,  represented  by  a  cylindrical 
bore  hole. 


Fig.  5  Sector  display  and  compound-scan-amplitude- 
locus  curve  of  a  curved  reflector. 

If  the  scanning  probe  is  moved  along  the  surface  of 
the  specimen  from  left  to  right,  the  image  point 
moves  across  the  total  sector  and  finally  dis¬ 
appears  at  the  left.  Since  a  curved  reflector  has 
no  directivity,  the  intensity  variation  of  the 
image  point  is  small  and  is  brightest  in  the 
middle  of  the  sector  equivalent  to  the  smallest 
time-of-flight.  This  dynamic  behavior  allows  us 
to  tell  this  is  a  curved  flaw. 

Consider  now  the  case  of  a  planar  defect, 
which  is  represented  in  Fig.  6  by  a  10  mm  flat 
bottom  hole  with  30°  inclination. 

Because  a  flat  reflector  has  a  pronounced 
directivity,  the  image  point  will  not  move  across 
the  whole  sector  but  rather  over  a  short  distance. 
The  orientation  of  the  reflector  is  equal  to  the 
orientation  of  the  scan  line  running  through  the 
brightest  spot.  This  is  totally  different  be¬ 
havior  compared  to  a  curved  flaw  and  indicates  the 
inclination  of  a  planar  flaw. 


Fig.  4  Directivity  pattern  with  24  equally  spaced 
elements  compared  with  a  20  element  array 
spaced  according  to  Hodjat  (Ref.  2). 

DEFECT  CLASSIFICATION  AND  RECONSTRUCTION 
BY  SECTOR-SCANNING 

If  a  scanning  array  probe  is  moved  across  the 
surface  of  a  metal  piece,  the  angle  of  maximum 


DEFECT  CLASSIFICATION  AND  RECONSTRUCTION 
BY  COMPOUND  SCAN  AMPLITUDE  LOCUS  CURVE 
TfiOK 


A  more  quantitative  jescription  of  the  flaw 
parameters  is  possible  by  means  of  a  compound  scan 
amplitude  locus  curve  (VAOK)  which  is  generated  by 
recording  the  maximum  echo  amplitudes  versus  the 
corresponding  array  probe  positions  according  to 
Fig.  5  and  6.  Because  the  center  of  the  array 
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•amplitude 


Fig.  6  Sector  display  and  compound-scan-amplitude- 
locus  curve  of  a  planar  defect. 


Fig.  7  Relationship  between  compound-scan- 

amplitude-locus  curve  and  flaw  size  D. 


beam  looks  always  toward  the  flaw,  the  probe 
characteristic  is  eliminated  automatically.  The 
compound  scan  amplitude  locus  curve  depicts 
directly  the  directivity  function  of  the  flaw.  In 
the  case  of  the  cylindrical  bore  hole  in  Fig.  5, 
the  locus  curve  reaches  a  maximum  just  above  the 
reflector  and  diminishes  slowly  to  the  left  or 
right. 

The  planar  reflector  (Fig.  6)  maximum  ampli¬ 
tude  occurs  in  a  position  where  the  ultrasonic 
beam  is  incident  and  perpendicular  to  the  re¬ 
flector  plane.  Now  the  maximum  of  the  locus  curve 
is  not  just  above  the  reflector  but  rather  shifted 
by  a  distance  w.  The  maximum  shift  which  depends 
upon  inclina  tion  and  flaw  depth,  besides  the  shape 
of  the  curve,  is  an  important  criterion  to  dis¬ 
tinguish  between  curved  and  planar  defects.  From 
the  position  of  the  maximum  and  the  measured 
flaw  depth,  the  orientation  can  be  determined. 

Figure  7  shows  the  relation  between  the 
directivity  of  a  planar  reflector  and  the  com¬ 
pound  scan  amplitude  locus  curve.  Here  otis  the 
flaw  angle  reference  to  the  surface,  AB  the  width 
of  the  amplitude  locus  curve,  x  the  wavelength  and 
z  the  distance  between  reflector  and  probe  posi¬ 
tion.  k  is  a  factor  depending  on  the  level  where 
the  width  of  the  curve  is  measured.  If  the  width 
is  measured  at  80%  of  its  maximum  value,  k  =  0.4. 


ance  angle  of  about  90°,  which  is  synthesized  by 
steering  a  focused  narrow  beam. 

In  the  following,  some  examples  for  com¬ 
pound  scan  imaging  are  presented.  Figure  8  shows 
the  image  of  a  12  mm  side  drilled  hole  in  a  150  mm 
thick  specimen  at  a  depth  of  100  mm.  Surface,  back 
wall,  depth  of  the  side  drilled  hole  and  its  shape 
are  clearly  visible.  In  addition,  the  figure  shows 
the  image  of  a  bottom  hole  at  a  100  mm  depth  where 
the  cone  of  32°  and  the  20  mm  diameter  can  be  read 
out  immedately. 


Fig.  8  Compound  scan  imaging  of  a  cylindrical 

side  drilled  hole  and  a  bottom  hole  with 
32°  cone. 


DEFECT  CLASSIFICATION  AND  RECONSTRUCTION 
BY  COMPOUND  SCANNING 

The  principle  of  this  evaluation  method, 
known  for  several  years  in  medical  diagnostics,  is 
a  combination  of  a  sector  display  and  the  lateral 
movement  of  an  array  probe.  In  one  probe  posi¬ 
tion,  a  full  sector  scan  is  performed  and  stored 
in  a  storage  display  or  a  digital  scan  converter. 
Then  the  probe  is  moved  a  distance  and  the 
correspondent  sector  scan  is  stored  hut  shifted 
proportional  to  the  array-probe  movement.  This 
gives  a  highly  accurate  image  of  an  irregular 
shaped  flaw  because  the  probe  has  a  height  accept¬ 


Figure  S  shows  imperfect  homogeneous  layers 
in  a  300  mm  steel  specimen.  Position  and  orienta¬ 
tion  of  the  layers  are  evident.  Figure  10  shows 
cross  sections  of  the  weld  zone  in  a  1400  x  800  x 
200  mm3  specimen  with  natural  cracks  in  it.  The 
picture  shows  front  surface,  back  surface  root  of 
the  weld,  shape  and  curvature  of  the  cracks. 

Crack  height  to  2/3  of  the  specimen's  thickness 
can  be  recognized,  After  destructing  the  specimen, 
the  true  profile  could  be  compared  with  the 
measured  depth  profile.  A  good  agreement  was 
achieved. 

The  compound  scan  imaging  can  be  improved  to 
a  "roundabout  scanning",  and  in  Fig.  11  the  flaw 
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y  =  385  mm  y=/.65mm 


Fig.  10  Compound  scan  imaging  of  natural  cracks 
in  a  weld. 

echoes  reflected  via  the  backwall  are  recorded. 
In  this  way,  not  only  the  upper  surface  of  the 
defect  is  reconstructed  but  also  its  underside. 

CONCLUSIONS 


Fig.  11  Compound  scan  imaging  improved  to  b 
roundabout  scanning. 
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A  computer  program  has  been  developed  which 
calculates  the  directivity  pattern  of  a  linear 
array  with  arbitrarily  spaced  elements,  with  free 
choice  of  amplitude  and  phasing  of  each  element. 

It  was  shown  that  the  electronic  sector  and  com¬ 
pound  scan  based  upon  phased  array  beam  forming 
techniques  is  a  powerful  tool  for  the  flaw 
analysis.  We  are  convinced  that  these  methods  are 
an  important  step  to  distinguish  between  curved 
defects  and  cracks. 
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SUMMARY  DISCUSSION 


Gordon  Kino,  Chairman  (Stanford  University):  There  Is  time  for  one  or  two  questions. 

Unidentified  Speaker:  Did  you  do  any  samples  where  the  range  to  the  flaw  was  on  the  order  of  magnitude 
larger  than  that  compared  to  the  flaw  size?  It  looked  like  the  range  was  about  on  the  order  of 
10  times  the  size  of  the  flaw.  Did  you  do  any  situations  where  the  range  was  on  the  order  of  a 

hundred  times  the  size  of  the  flaw?  Do  you  have  any  such  samples? 

W.  Gebhardt  (Institute  for  NDT,  Saarbruecken) :  Some  flaw  sizes  have  been  two  millimeters  or  three 
millimeters.  The  thickness  of  the  specimen  is  200  millimeters.  I  don’t  understand  your 

question,  because  the  range  of  the  depth  of  the  flaws  has  been  more  than  10  times  greater  than 

the  actual  sizes  of  the  flaws. 

Unidentified  Speaker:  The  ones  you  showed  were  around  10.  Were  there  any  that  that  you  did  that  were 
around  a  hundred  times? 

W.  Gebhardt:  Not  In  this  sample.  But  this  is  the  easiest  way  to  do  it.  It's  much  more  complicated  tc 
go  below  the  depths  of  the  flaws. 

Unidentified  Speaker:  So  there  were  other  problems  when  you  do  that? 

W.  Gebhardt:  You  have  a  divergency  of  your  actual  sound  beam,  so  what  you  lose  Is  a  solution 

probability  because  It  can  only  focus  within  the  near  view  length  of  a  pole,  and  you  have 
enough  signal  to  noise  ratio  for  Imaging  the  complete  specimen.  What  we  have  here  are 
homogeneous  materials.  What  depths  are  you  thinking  about? 

Unidentified  Speaker:  On  the  order  of  50  to  a  hundred  times,  and  then  the  Inhomogeneity  of  the  medium 
becomes  a  greater  Issue  as  well  as  the  problems  In  resolution  In  the  beam  itself  and  the 
spreading  of  the  beam  so  that  what  happens  is  time  doesn't  translate  Into  range  as  easily  as 
you  move  across  this  scan,  and  you  don't  get  that  nice  - 

Gordon  Kino,  Chairman:  Next  question. 

Bob  Addison  (Rockwell  Science  Center):  You  said  that  you  operated  with  two  megahertz.  I  wonder  that 
the  length  of  your  transient  response  was  of  the  transducer  probe. 

Gordon  Kino,  Chairman:  It's  about  three  rf  cycles. 

Jack  Smith:  You  showed  a  simulation  of  a  sparse  array  as  an  equally  spaced  element.  Did  you  actually 
use  such  an  array  to  make  some  of  the  Images  you  showed? 

W.  Gebhardt:  We  did  not  use  this  array  for  this  Image  as  shown.  We  have  one  in  our  institute  but  not 
yet  the  time  for  using  It  on  experiments,  so  perhaps  I  can  give  you  more  details  in  about  a 
half  a  year.  But  It  shows  to  have  varied  the  restrictions  If  you  steer  the  beam  more  than  45 
degrees. 

Gordon  Kino,  Chairman:  So  was  this  the  array  that  was  used  here;  how  many  elements  were  used? 

W.  Gebhardt:  Twenty  elements  equally  spaced. 

Gordon  Kino,  Chairman:  Equally  spaced.  And  then  it  was  moved  along  mechanically? 

W.  Gebhardt:  It  was  gently  moved  along  with  the  hand-held  camera  I  showed  you  In  the  first  pictures. 

Gordon  Kino,  Chairman:  One  more  question. 

Unidentified  Speaker:  Did  you  see  any  artifacts  due  to  mode  conversion? 

W.  Gebhardt:  Yes,  we  can  see  this  Image.  No,  artifacts  I  didn't  see.  But  what  you  can  see  are  mode- 
converted  longitudinal  waves  and  the  corresponding  images  of  these  mode-converted  rays,  but 
because  of  the  different  sound  velocity  and  not  affected  element  distance  they  have  another 
angle  in  the  Image  and  to  move  velocity  into  dynamic  movement,  then  the  -  .  So  you  can't 
decide  if  this  is  an  actual  defect;  longitudal  wave  or  If  It  Is  a  mode-converted  wave  which 
Images  the  same  point  In  space  to  another  Image  point. 

Unidentified  Speaker:  In  the  first  couple  of  slides,  one  or  two  of  the  Images  had  a  white  dot  off  to 
the  side  In  various  places.  Were  those  mode  images,  or  -- 

W.  Gebhardt:  This  was  a  real  image.  The  vihite  dot?  Was  it  the  Image  or  the  slide? 

Unidentified  Speaker:  I  think  It  was  in  the  second  or  third  slide. 
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ABSTRACT 

A  phase  sensitive  laser  probe  in  which  the  focussed  spot  is  small,  as  compared  with  the  acoustic 
wavelength,  is  capable  of  measuring  the  complex  distributions  of  a  SAW  field  along  prescribed  scan  lines. 
Using  the  probe,  it  is  possible,  on  a  defect  free  sample,  to  measure  the  SAW  velocity  surface  with  an 
accuracy  of  a  few  parts  in  105.  Such  accuracy  suggests  that  the  technique  is  sufficiently  sensitive  to 
detect  small  changes  in  surface  characteristics;  the  presence  of  a  defect  is  revealed  by  perturbations  in 
the  relationship  between  various  scans.  The  scattered  radiation  patterns  from  a  surface  crack  irradiated 
by  acoustic  surface  waves  can  be  utilised  to  determine  the  defect  size  and  location  with  improved 
accuracy.  Results  on  deliberate  and  real  cracks  are  presented. 

Acoustic  microscopy  has  proved  tc  be  a  valuable  tool  for  the  NDE  of  complex  IC  devices.  With  the 
advent  of  VLSI  there  is  a  clear  need  i'or  an  acoustic  microscope  showing  sub-optical  resolution.  We 
report  on  the  design  of  a  high  pressure  gas  acoustic  microscope  operating  at  room  temperature  which 
should  provide  a  resolution  below  lOOnm. 

Finally,  following  the  demonstration  of  a  photoacoustic  microscope  at  Stanford  University,  there  has 
been  a  great  deal  of  interest  in  the  subject  of  photoacoustic  microscopy.  We  describe  the  work  at 
University  College  London  which  is  based  on  the  use  of  a  conventional  gas  photoacoustic  cell  together  with 
pulsed  laser  excitation.  A  finite  difference  approach  has  been  used  in  order  to  study  the  effect  of  an 
inclusion  buried  under  the  surface  on  the  photoacoustic  signal.  In  the  case  where  the  thermal  properties 
of  the  inclusion  are  known  apriori,  our  one  dimensional  model  indicates  that  it  should  be  possible  to 
obtain  not  only  the  depth  of  the  inclusion  beneath  the  surface  but  also  its  thickness. 

INTRODUCTION 


Detection  of  surface  opening  cracks  is  now 
quite  wide-spread  and  several  techniques  capable  of 
estimating  the  size  of  such  cracks  have  been 
reported  in  the  literature  (1-6).  We  have  been 
working  on  a  scheme  which  is  based  on  the  use  of  a 
laser  probe  to  record  the  scattered  surface  vrnves 
from  the  defect.  The  scattered  field  not  only 
provides  valuable  information  about  the  size  and 
orientation  of  a  surface  crack  but  also  enables  one 
accurately  to  determine  its  position.  Recent 
results  will  be  presented  in  the  following  section. 

Acoustic  microscopy  has  proved  to  be  a 
valuable  tool  for  the  NDE  of  complex  IC  devices  (7). 
Currently,  acoustic  microscopes  operating  at  room 
temperature  (using  water  as  the  coupling  medium) 
are  limited  tc  a  resolution  which  is  comparable  to 
that  of  high  quality  optical  instruments.  This 
limitation  stems  from  the  lack  of  a  suitable  liquid 
coupling  medium  which  can  offer  a  performance 
superior  to  that  iri  water.  We  have  been  investi¬ 
gating  an  alternative  class  of  fluid  which  is 
superior  to  water,  viz  gases  at  elevated  pressure. 
Section  3  will  be  devoted  to  discussing  the  design 
of  a  gas  acoustic  microscope  which  should  provide 
sub-optical  resolution  working  at  rather  modest 
pressures. 

Photoacoustic  microscopy  has  attracted 
considerable  interest  over  the  past  few  years, 
perhaps  mainly  as  it  represents  a  complementary 
technique  for  surface  NDE.  In  section  4  we  shall 
present  our  initial  work  in  this  area. 


Finally,  section  5  will  contain  a  brief 
summary  of  the  main  points  in  this  paper, 

DETECTION  AND  SIZING  OF  SUKFACt  DEFECTS 

The  technique  for  obtaining  the  scattered  SAW 
field  from  a  defect  was  described  in  detail  at  the 
1979  DARPA/AFML  meeting  (8),  The  heart  of  the 
system  is  a  computer  controlled  laser  probe  which 
is  capable  of  recording  thegcomplex  SAW  field  with 
a  sensitivity  down  to  10”4  A  in  a  bandwidth  of  1  Hz, 
Since  this  system  has  been  considerably  modified 
over  the  past  year,  we  shall  begin  with  a  brief 
description  of  the  probe. 

The  basic  optical  and  electronic  systems  are 
illustrated  in  Figs.  1  and  2  respectively.  The 
laser  probe  is  an  a.c.  interferometer.  Coherent 
light,  from  a  SmW  HeNe  laser  is  directed  onto  a 
25  MHz  water  Bragg  cell  which  provides  a  50  MHz 
optical  carrier. 

The  use  of  an  optically  generated  carrier 
renders  the  system  insensitive  to  phase  variations 
caused  by  microphonics  in  the  optical  system,  as 
they  appear  both  in  the  signal  as  the  reference 
channel.  The  detected  SAW  field  is  finally 
converted  into  the  in-phase  and  quadrature 
components,  r  and  i,  using  a  lock-in-analyser 
which  has  an  adjustable  bandwidth.  The  three 
outputs  of  the  detection  system,  r,  i  and  c  are 
read  by  the  computer,  r  and  i  being  divided  by  c  in 
order  to  eliminate  variations  due  to  surface 
reflectivity. 
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Fig.  1  Schematic  Diagram  of  Phase  Sensitive 
Laser  frobe. 


Fig.  2  Block  Diagram  of  Electronics  for 

Recording  Amplitude  and  Phase  ov  SAW 
Distribution. 

The  scanning  and  data  logging  operations  are 
computerised.  The  scan  positions  are  programmed 
and  the  stepping  motors  control  the  positioning 
with  an  accuracy  of  1  urn.  The  measured  phase 
accuracy  is  about  ±  3°.  Thus,  a  velocity 
accuracy  of  a  few  parts  in  105  is  readily  achieved 
over  1  cm  distance  at  an  operating  frequency  of 
60  MHz  (9).  Such  accuracies  achieved  in  velocity 
measurements,  encourage  the  use  of  the  device  for 
the  evaluation  of  scattered  spectra  from  measure¬ 
ments  on  perturbed  SAW  fields. 

We  are  able  to  illuminate  a  surface  with  a 
wide  SAW  beam  and  then  investigate  the  amplitude  of 
the  SAW  signal  detected  along  a  transverse  scan 
line.  In  the  case  of  a  defect  being  present, 
harmonics  will  be  generated  in  both  the  transmitted 
and  reflected  waves  due  to  the  opening  and  closing 
of  the  gap  (10).  This  approach  can  therefore 
establish  the  presence  of  any  defect.  This 
technique  has  not  yet  been  fully  implemented  due  to 
the  bandwidth  limitation  imposed  by  the  front  end 
of  the  detection  system. 

The  other  technique  for  detecting  and  locating 
defects  is  to  record  the  complex  field  distribution 
along  several  scan  lines  and  then  use  this 
information  to  deduce  the  scattered  field.  This 


technique  was  explained  in  detail  at  the  previous 
meeting  (8).  Very  briefly,  the  SAW  field  is 
represented  as  the  sum  of  an  incident  (I), 
reflected  (R)  and  scattered  (S)  component.  By 
recording  the  complex  fields  along  three  separate 
scan  lines,  it  is  then  possible  to  relate  their 
FT's  and  thereby  obtain  I,  R  and  S,  (see  Fig.  3). 


Fig.  3  Recording  Configuration  for  Defect 
Characterisation. 

Several  experiments  were  carried  out  on  real 
and  deliberate  cracks.  As  a  test  on  the  informat¬ 
ion  obtained  from  the  processed  scattered  field,  a 
set  of  results  were  obtained  for  reflection  off  the 
edge  of  a  Li Nb03  substrate.  The  SAW  source  was  an 
apodizing  transducer  operating  at  a  synchronous 
frequency  of  44  MHz.  The  edge  was  produced 
deliberately,  it  was  not  a  cleaved  edge.  It  was  at 
an  angle  to  the  incident  power  flow  direction.  The 
reflected  spectrum  off  the  edge  is  shewn  in  Fig.  4a. 
The  reflected  spectrum  was  then  repeated  by 
absorbing  the  incident  beam  at  the  edge.  Fig.  4b. 


Fig.  4a  The  Reflected  Field  for  an  Exposed  Edge. 
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REFLECTED 


b)  The  Reflected  Field  When  the  Edge  is 
Blocked  with  a  SAW  Absorber. 

Fig.  4.  Determination  of  R  for  an  Ldge. 

The  most  recent  results  obtained,  are  a  set  of 
measurements  achieved  on  cracks  generated  on  a 
crystalline  quartz  substrate.  The  cracks  are 
generated  by  rapid  cooling  of  the  sample  from  an 
elevated  temperature.  The  crack  is  illuminated  by 
a  100X  aperture  uniform  interdigital  transducer. 

Fig.  5  represents  the  results  of  the  incident  and 
reflected  spectra  evaluated  for  a  multi-cross  shape 
tight  crack.  Fig.  6  shows  the  calculated  incident 
and  reflected  spectra  for  a  triangular  crack  with 
irregular  sides.  In  each  case,  the  width  of  the 
main  lobe  relates  to  the  physical  dimensions  of  the 
crack.  However,  as  shown  in  Figs.  5  and  6,  the 
recovery  of  the  reflected  spectrum  is  not  perfect. 
The  imperfections  are  attributed  to  the  fact  that 
the  subtraction  was  carried  out  using  a  slowness 
curve  which  was  derived  from  book  values  of  elastic 
constants  rather  than  a  measured  slowness  curve  for 
the  particular  substrate  under  test.  In  principle, 
the  reflected  spectrum  can  be  used  to  reconstruct 
(and  hence  locate)  the  defect  by  backward  propaga¬ 
tion  (11).  We  have  not  attempted  to  do  this  for 
this  particular  data  set. 


Fig.  5  Determination  of  1  and  R  for  Multi-Cross 
Tight  Crack. 


Fig.  6  Determination  of  1  and  R  for  a 

Triangular  Shape  Crack. 

GAS  MEDIUM  ACOUSTIC  MICROSCOPY 

Acoustic  microscopy  has  proved  to  be  a 
valuable  tool  for  the  NDE  of  complex  IC  devices  (7). 
By  stretching  the  existing  technology  to  its  limits, 
the  reflection  SAM  has  been  operated  in  water  at 
3  GHz,  with  a  corresponding  wavelength  of  520  nm 
(12).  With  the  advent  of  VLSI,  there  is  a  clear 
need  to  extend  the  resolution  beyond  this  point. 

The  major  difficulty  encountered  in  improving  the 
resolution  of  a  SAM  is  the  high  value  of  the 
absorption  of  sound  in  water.  To  obtain  a  wave¬ 
length  below  520  nm,  one  must  find  a  fluid  which 
has  a  lower  velocity,  a  lower  absorption,  or, 
preferably  both.  One  possibility  is  to  use  cryo¬ 
genic  liquids  such  as  Argon  and  Helium  (13,  14). 
However,  the  use  of  such  liquids  involves  several 
instrumental  complexities  and  strict  limits  on  the 
type  of  sample  which  can  be  studied.  For  example, 
the  low  temperatures  involved  immediately  exclude 
the  study  of  liviny  bioloyical  systems  -  an 
application  which  is  ideally  suited  to  acoustic 
microscopy.  It  is  for  this  reason  that  we  have 
begun  to  investigate  an  alternative  class  of  fluids 
-  gases  at  high  pressure.  It  is  well  known  that 
the  velocity  of  sound  in  gases  is  5-10  times 
lower  than  that  in  most  liquids.  The  acoustic 
absorption  on  the  other  hand  is  typically  100  -  1000 
times  higher.  We  have  shown  that  the  acoustic 
absorption  -  at  least  in  the  case  cf  monoatomic 
gases  such  as  Avgon  and  Xenon  -  varies  inversely 
with  pressure  so  that  it  should,  in  principle,  be 
possible  to  approach  the  value  in  water  at  elevated 
pressures  (15).  The  results  of  our  initial  work 
in  this  area,  where  we  demonstrated  a  reflection 
SAM  operating  in  Argon  at  30  bar  and  45  MHz,  with  a 
resolution  of  7  ym,  appeared  in  a  rec  t  publication 
(16).  This  resolution  is  five  times  letter  than 
what  can  be  achieved  in  water  at  the  ame  frequency. 

Since  the  configuration  of  a  gas  acoustic 
microscope  is  substantially  different  to  a  convent¬ 
ional  acoustic  microscope,  we  shall  briefly  describe 
it  here.  Fig.  7  shows  its  basic  construction.  It 
consists  of  a  small -volume  pressure  cell  connected 
to  a  regulated  gas  supply.  The  object  is  supported 
on  a  piezoelectric  bimorph,  which,  when  driven  at 
resonance,  provides  a  fast  scan  out  of  the  plane  of 
the  diagram.  Both  the  scanner  and  acoustic  lens 
are  mounted  on  movable  pistons.  These  pistons  are 
supported  by  hydraulically  reduced  micrometer  heads 
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(not  shown)  such  that  the  slow  scan  and  focussing 
can  be  performed  externally.  A  typical  result 
from  this  apparatus  working  in  Argon  at  4b  MHz  and 
30  bar,  is  shown  in  Fig.  8. 


Fig.  7  Configuration  of  the  Gas  Acoustic 
Microscope. 


Fig.  8  Reflection  Acoustic  Micrograph  of  SEM 
Finder  Grid  at  45  MHz. 

We  can  define  a  new  coefficient  of  merit  for 
a  coupling  fluid  by  calculating  the  minimum  wave¬ 
length  that  can  be  achieved  for  a  fixed  loss  and 
transit  time  within  the  fluid  and  relating  it  to 
the  corresponding  value  in  water. 

m  .  wgjj 

(a/f?)r  \  C  j 

where  C  is  the  velocity  of  sound  in  the  fluid,  a/f? 
is  its  attenuation  coefficient  normalised  with 
respect  of  the  square  of  the  frequency  and  the 
subscript  w  refers  to  corresponding  quantities  in 
water. 


The  table  below  lists  the  coefficient  of  merit  for 
several  liquids  and  gases. 


Mquid 

t(°C) 

—  - - 

C/Ka/n) 

n/fJllO'7(S!/c«) 

M 

Vatar 

2S°C 

1.49b 

22.0 

1.00 

Wftttr 

37°C 

1,523 

17.7 

1.09 

Voter 

f>0°C 

1,  ib 

10.2 

1.39 

Carbon  tliaulfitl* 

23°C 

1.31 

10. 1 

1.81 

Mercury 

2  3 , B°C 

1.45 

5.8 

2.04 

Argon (40bar) 

20°C 

0.323 

412 

2.00 

Arson(750bar) 

:o°c 

0.323 

83 

5.00 

Xenon(40har) 

20^ 

0.178 

953 

4,00 

From  this  table,  it  is  clear  that  gases  such  as 
Argon  and  Xenon  under  pressure  can  provide 
substantial  improvements  in  resolution  over  water. 
Specifically,  Argon  at  40  bar  will  provide  a  factor 
of  2  improvement  in  resolution  over  water,  while 
Xenon  will  provide  a  factor  of  4.  The  figure  of 
merit  varies  as  P1,  so  that,  at  250  bar,  the  value 
in  Argon  is  5. 

We  are  currently  working  on  a  system  which 
will  use  Argon  at  40  bar  as  the  coupling  medium  and 
a  10  urn  radius  lens  as  the  imaging  element.  We 
expect  to  obtain  a  resolution  of  220nm  at  1  GHz. 
Alternatively,  one  could  use  Xenon  a  40  bar  and 
obtain  a  resolution  of  170nm  at  740  MHz.  (17). 
Although  we  plan  to  work  with  both  gases,  our 
initial  experiments  will  be  exclusively  in  Argon, 
as  it  is  significantly  cheaper  than  Xenon, 

One  major  difficulty  encountered  with  this 
system  is  that  of  matching  the  acoustic  waves  into 
the  gas.  There  is  an  impedance  ratio  of  1 : 1 0~ 3 
going  from  Sapphire  to  Argon  (at  40  bar)  so  that 
there  will  be  a  two-way  loss  of  54  dB  at  this 
interface.  At  low  frequencies  (below  740  MHz)  one 
can  use  a  quarter-wave  matching  layer  of  poly¬ 
styrene  to  bring  this  loss  down  to  7  dB  as  shown  in 
Fig.  9.  At  higher  frequencies,  the  losses  in 
polystyrene  become  too  high  for  it  to  act  as  an 
efficient  quarter-wave  transformer.  In  this 
situation,  one  could  resort  to  a  double  matching 
layer.  Fig.  10  shows  the  computed  insertion  loss 
curve  for  the  case  of  a  Fused  Quartz  lens  followed 
by  a  quarter  wave  layer  of  Tungsten  and  then  a 
quarter-wave  layer  of  glass  transmitting  Argon  at 
100  bar.  As  we  can  see,  it  is  possible  to  achieve 
an  extremely  small  insertion  loss  while  at  the  same 
time  preserving  enough  bandwidth  to  transmit  a  30ns 
pulse. 

Finally,  we  are  in  the  process  of  constructing 
an  instrument  that  would  operate  at  much  higher 
pressures  (around  250  bar)  with  the  aim  of 
attaining  resolutions  well  below  lOOnm. 
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Fig.  9  Insertion  Loss  Curve  for  a  Polystyrene 
Matching  Layer  on  Sapphire, 


Fig.  10  Insertion  Loss  Curve  for  a  Tungsten- 
Glass  Matching  Layer  on  Fused  Quartz. 

PHOTOACOUSTIC  MICROSCOPY 

Since  the  first  photoacoustic  micrograph  was 
published,  (18),  there  has  been  considerable 
interest  in  the  subject  of  photoacoustic  micros¬ 
copy  (19,20,21).  As  the  technique  can  provide 
information  about  the  thermal  properties  of  the 
sample  being  investigated,  it  rep  esents  new  tool 
for  surface  NDE.  For  example  the  presence  of  a 
flaw  (such  as  a  void)  underneath  the  surface 
should  result  in  a  large  change  in  photoacoustic 
signal.  Indeed  recent  results  on  the  detection  of 
sub-surface  structure  are  encouraging  (20,21,22,23, 
24). 

The  system  we  are  working  on  is  similar  in 
many  respects  to  a  system  described  in  the 
literature  (19).  A  schematic  diagram  is  shown  in 
Fig.  11.  It  consists  of  a  conventional  photo¬ 
acoustic  cell  which  is  mechanically  scanned  in  a 
raster  pattern.  Lateral  resolution  is  provided  by 
focussing  the  laser  beam  onto  the  object  using  a 
microscope  objective.  The  laser  beam  is  tunable, 
so  that  it  is  possible  in  principle  to  recor'd 
photoacoustic  spectra  on  a  microscopic  scale. 


Fig.  11  Schematic  Diagram  of  Fhotoacousti c 
Mi croscope. 

Our  initial  experiments  were  conducted  by 
modulating  the  Incident  laser  beam  at  a  few  KHz  and 
using  a  microphone  in  a  ohase-locked  configuration 
to  detect  the  photoacoustic  signal  (19,24).  With 
this  system,  we  have  found  that  the  average  power 
level  required  in  order  to  record  images  in  seconds 
rather  than  minutes  is  around  250  mW  and  can  often 
result  in  sample  damage.  We  have  therefore 
resorted  to  a  pulsed  system  in  which  we  use  high 
peak  power,  low  energy  pulses,  thereby  Increasing 
the  signal  strength  while  at  the  same  time  limiting 
the  average  laser  power.  Many  experiments  have 
not  been  conducted  with  this  new  system,  but 
initial  results  are  encouraging.  Fig.  12  shows  a 
photoacoustic  signal  from  an  EM  grid  structure 
taken  using  the  pulsed  system.  The  average 
optical  power  was  100  mW  and  the  pulse  width  was 
10  ms. 


Fig.  12  Photoacoustic  signal  (top  trace) 

corresponding  to  Input  optical  pulse 
(bottom  trace). 

A  finite  difference  approach  has  been  used  to 
study  the  effect  of  pulsing  the  laser  on  the  photo- 
acoustic  signal.  We  have  defined  an  effective 
thermal  diffusion  length  for  the  pulsed  case  as 
being  the  depth  below  the  surface  of  the  material 
being  heated  at  which  the  temperature  is  1/e  of  the 
value  at  the  surface  (at  the  end  of  the  duration  of 
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the  pulse).  In  fact,  with  this  definition,  the 
thermal  diffusion  length  works  out  to  he  exactly 
the  same  value  that  would  be  obtained  for  the 
periodic  heating  case,  if  the  |ieriod  was  taken  to 
be  equal  to  double  the  pulse  width. 

We  have  attempted  to  model  the  effect  of  an 
inclusion  having  known  thermal  properties  on  the 
photoacoustic  signal  (25).  Although  we  have  only 
worked  on  a  one  dimensional  model  (which  would 
apply  in  practice  when  the  focussed  spot  is  large 
in  comparison  to  the  thermal  diffusion  length)  the 
results  show  that  it  should  be  possible  to  obtain 
both  the  size  (thickness  in  a  one  dimensional 
model)  of  the  inclusion  id  its  depth  below  the 
surface.  The  situation  we  have  modelled  is 
illustrated  in  Fig.  13,  The  substrate  material 
is  aluminium  and  there  is  a  nickel  inclusion  3 
microns  thick.  Optical  absorption  takes  place  in 
a  1  micron  region  at  the  air/aluminium  interface. 
Hie  depth  of  the  nickel  inclusion  can  ''e  varied 
from  2  pm  to  6  pm.  We  can  control  ti  effective 
diffusion  length  by  varying  the  pulse  width;  this 
can  have  any  value  between  0  and  200  ns.  Fig.  13 
also  illustrates  the  temperature  evolution  with 
time.  The  temperature  rises  rapidly  when  the 
pulse  is  applied,  reaching  a  maximum  at  the  end  of 
the  duration  of  the  pulse,  after  which  the  sample 
cools  down  slowly  to  an  equilibrium  value. 


Fig.  13  Configuration  Used  for  Finite 

Difference  Model  of  Photoacoustic 
Effect. 

With  the  inclusion  at  a  fixed  depth  below  the 
surface,  we  have  calculated  the  maximum  surface 
temperature  (KMr  Watt  *)  as  a  function  of  pulse 
duration.  We  have  then  repeated  these  results 
after  changing  the  depth  of  the  inclusion  below 
tiie  surface.  Thus  we  would  have  one  curve  of 
temperature  vs  pulse  width  (or  temperature  vs 
effective  diffusion  length  in  the  host  material) 
for  each  value  of  the  depth  of  inclusion  below  the 
surface.  Fig.  14  shows  a  plot  of  the  maximum 
surface  temperature  (normalised  wi th  respect  to  the 
value  obtained  with  no  inclusion)  versus  the  depth 
below  the  surface  (normalised  with  respect  to  the 
diffusion  length  in  the  host  material).  li  ;s  plot, 
in  fact,  represents  many  sets  of  data  points 
obtained  for  different  values  of  inclusion  depth. 

It  is  immediately  apparent  that  all  these  sets  in 
fact  lie  on  one  single  curve;  i.e.  the  curve  is 
unique  for  a  given  thickness  of  ;nclusion  material. 
If  the  inclusion  thickness  is  reduced  to  1  ;<m  we 


obtain  a  different  curve  as  shown  in  Fig.  14.  In 
particular,  the  value  corresponding  to  zero  depth 
below  the  surface  is  smaller,  and  the  decay  rate 
with  depth  below  the  surface  is  different.  This 
suggests  a  technique  for  getting  both  the  depth 
below  the  surface  and  the  thickness  of  the 
inclusion.  One  would  simply  record  the  normal¬ 
ised  temperature  as  a  function  of  pulse  duration. 
The  next  step  would  be  to  plot  the  normalised 
temperature  as  a  function  of  X/diffusion  length, 
where  X  is  a  constant.  One  could  then  vary  X 
until  a  fit  is  obtained  with  one  of  the  curves  in 
the  set  shown  in  Tig.  14.  The  value  of  X  then 
corresponds  to  the  depth  below  the  surface  while 
tiie  thickness  can  be  deduced  by  knowing  wi  th  which 
curve  the  best  fit  was  obtained.  Although  all 
this  is  based  on  a  one  dimensional  model,  the 
results  are  encouraging,  and  we  are  in  the  process 
of  verifying  this  technique  experimentally. 
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Fig.  14  Plot  ot  Normalised  Temperature  vs 
Normalised  Depth  for  Different 
Inclusion  Thicknesses, 

SUMMARY 

A  phase  sensitive  laser  probe  has  been  used  to 
record  the  complex  surface  wave  field  with  a 
sensitivity  down  to  1 0“ fi.  By  recording  the 
complex  SAW  field  along  three  scan  lines,  it  has 
been  possible  to  deduce  the  scattered  spectra  from 
real  and  deliberate  cracks.  By  reconstructing  the 
scattered  field,  it  is  possible  to  locate  the 
defect  with  an  accuracy  which  is  only  limited  by 
di f fraction. 

Recent  work  on  gas  acoustic  microscopy  has 
been  described,  and  we  have  indicated  that  it 
should  be  possible  to  achieve  a  resolution  below 
200  nrn  using  gases  such  as  Argon  and  Xenon  at  40 
bar.  By  going  to  higher  pressures  (around  250 
bar)  it  should  be  possible  to  achieve  resolutions 
well  below  100  nm. 

Finally  we  have  presented  our  initial  work  on 
photoacoustic  microscopy.  The  system  used  is  a 
scanned  gas  photoacoustic  cell,  together  with 
pulsed  laser  excitation.  A  finite  difference 
approach  has  been  used  in  order  to  study  the  effect 
of  an  inclusion  buried  under  the  surface  on  the 
photoacoustic  signal.  In  the  case  where  the 
thermal  properties  of  the  inclusion  are  known 
apriori,  our  one  dimensional  model  indicates  that 
it  should  be  possible  to  obtain  not  only  the  depth 
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of  ttii’  inclusion  beneath  the  surface  but  also  its 
thickness. 
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SUMMARY  DISCUSSION 


Gordon  Kino,  Chairman  (Stanford  University):  Time  for  one  or  two  questions. 

Unidentified  Speaker:  What's  your  sensitivity  for  your  Inclusions?:  How  small  an  inclusion? 

Kumar  Wlckramaslnghe  (University  College  London):  A  sensitivity  of  (inaudible). 

Christian  Burger  (Iowa  State  University):  Do  I  undersi  »d  your  thermal  analysis  right?  You're  hitting 
the  specimen  with  the  laser  and  then  you  were  measuring  the  maxlmun  temperature  at  the  spot 
where  you  hit  It? 

Kumar  Wlckramaslnghe:  Yes 

Christian  Burger:  How  did  you  measure  that? 

Kumar  Wlckramaslnghe:  The  maximum  temperature  phototransducer  signal  pr  >Kortion,  not  temperature. 
Christian  Burger:  To  the  maximum  temperature. 

Gordon  Kino,  Chairman:  If  there  are  no  more  questions,  thank  you. 
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ABSTRACT 

We  report  progress  with  the  development  of  a  real-time,  32  element,  synthetic  aperture  acoustic  imag¬ 
ing  system.  Construction  and  testing  of  the  system  hardware  is  now  complete,  enabling  us  to  acquire  raw 
acoustic  data  and  focus  and  display  it  with  a  frame  rate  of  30  Hz  . 

Performance  of  the  system  is  currently  being  assessed.  Images  of  wire  targets  indicate  that  the 
resolution  is  as  predicted  by  simple  theory.  The  main  thrust  of  our  current  effort  is  two-foid:  we  aim 
to  use  the  system  to  examine  "real"  defects  with  acoustic  surface  waves  and  longitudinal  wavis,  but  at  the 
same  time  improved  understanding  is  needed  to  interpret  the  images  obtained  from  nure  comple;  object 
fields.  To  this  end,  we  are  developing  both  theoretical  and  computer  models  for  objects  such  as  point 
targets,  plane  specular  reflectors,  and  cylindrical  inclusions.  The  results  obtained  from  those  models 
can  be  compared  directly  with  images  generated  by  the  real-time  system.  It  is  likely  that  these  results 
are  common  to  othu  synthetic  aperture  systems  and  to  any  high  frequency  inversion  process.  The  effects 
of  nonlinear  processing  are  also  examined. 


INTRODUCTION 

In  this  paper,  we  report  progress  in  the  dev¬ 
elopment  of  our  real-time  synthetic  aperture  digi¬ 
tal  acoustic  imaging  system.  Earlier  stages  of 
development,  which  we  have  described,  include  an 
8-element  real-time  system, J>2»3  a  32-element  com¬ 
puter-implemented  system, 1 >3 >4,  and  finally  a 
32-element  real-time  system.5  Here  we  present 
recent  results  obtained  with  the  32-element  real¬ 
time  system. 

The  operation  of  the  imaging  system  {see 
Fig.  1)  may  be  summarized  as  follows:  the  device 
employs  a  multiplexer  to  address  each  element  of  a 
piezoelectric  transducer  array.  In  turn,  a  short 
pulse  (typically  2.5  cycles  long  between  20  dB 
points),  with  a  center  frequency  of  3  -  3.5  MHz  , 
is  transmitted  from  the  addressed  element,  and 
return  echoes  to  the  same  element  are  digitized  and 
stored  in  a  1024  x  8  bit  RAM.  This  process  is 
repeated  for  each  of  the  32  elements  in  the  array. 

A  focused  image  is  formed  by  applying  the  appropri¬ 
ate  delays  to  each  of  the  digitized  time  records 
and  then  summing  the  contributions  from  each  ele¬ 
ment.  The  delays  necessary  for  focusing  the  image 
are  stored  in  a  "focus  map"  also  held  in  the  RAM. 
The  focused  data  is  then  used  to  intensity  modulate 
a  display  tube  as  the  reconstruction  takes  place. 
When  a  complete  image  has  been  displayed,  the  cycle 
begins  again  at  the  data  acquisition  stage.  New 
data  is  collected,  focused,  and  displayed  at  the 
rate  of  approximately  30  frames  per  second. 

A  software  package  has  also  recently  been  dev¬ 
eloped  which  generates  simulated  echo  data  for 
simple  objects  (point  and  planar  reflectors).  This 
simulated  data  can  be  sent  to  the  imaging  system, 
quickly  focused  (l/30th  of  a  second),  then  sent 
back  to  the  computer  for  further  manipulation  and 
display.  In  this  way  we  can  compare  images  of  sim¬ 
ulated  objects  with  real  images  of  the  same  objects. 

In  the  second  section,  we  compare  the  images 
derived  from  simulated  data  with  those  obtained 
from  real  targets.  We  have  also  explored  the 


effects  of  nonlinear  processing  on  our  acoustic 
images.  The  second  and  third  sections  present  com¬ 
parisons  between  linearly  and  nonlinearly  processed 
images.  The  real-time  system  has  been  used  to  image 
a  number  of  test  objects  and  specimens  with  real 
defects.  In  the  third  section,  we  present  images 
acquired  with  three  different  transducers:  longi¬ 
tudinal  waves  in  water,  surface  waves  on  metal,  and 
longitudinal  waves  in  metal. 

IMAGING  PERFORMANCE 

In  this  section  we  compare  real-time  images 
with  their  simulated  analogs.  Two  types  of  objects 
are  considered  here:  single  point  reflectors  and 
two  closely  spaced  point  reflectors. 

The  simulation  of  point  reflectors  employs  a 
very  simple  model.  The  point  reflector  is  assumed 
to  be  a  perfect  reflector  with  an  omni-directional 
reflection  pattern.  Diffraction  losses  are  ignored. 
In  essence,  the  acoustic  pulse  received  is  just  a 
replica  of  the  transmitted  acoustic  pulse,  with  a 
time  delay  equivalent  to  the  transit  time  from  the 
transducer  element  to  the  point  reflector  and  back. 

For  the  purposes  of  simulation,  the  32-element 
transducer  array  is  modeled  as  32  equally  spaced 
elements  (.5  mm  center-to-center)  with  identical 
cosine-camier  Gaussian-envelope  pulses  (3.3  MHz 
center  frequency,  2.5  cycles  between  20  dB 
points) . 

The  first  test  object  chosen  for  comparison 
was  a  point  reflector,  on  axis  at  80  irni  range  in 
water.  To  obtain  experimental  data  for  this  object, 
we  used  a  .25  mm  (.5  X  ,  where  X  is  the  acoustic 
wavelength  of  the  center  frequency  of  the  pulse) 
diameter  wire.  The  image  obtained  from  the  simu¬ 
lated  data  is  shown  in  Fig.  2.  The  corresponding 
image  obtained  from  real  data  is  shown  in  Fig.  3. 

The  images  are  presented  in  four  different  formats: 

(1)  a  photograph  of  the  display  screen.  "Tic" 
marks  on  all  photographs  represent  10  mm  ; 
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Figure  1.  System  schematic:  (a)  data  collection 
configuration;  (b)  image  reconstruction 
process;  (c)  electronics  block  diagram. 


Figure  2.  Image  of  point  reflector  reconstructed 
from  simulated  data:  (a)  photo  of  video 
display;  (b)  three-dimensional  plot  of 
20X  x  20X  area  surrounding  the  reflec¬ 
tor;  (c)  contour  diagram  and  cross- 
section  plots. 
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Figure  3.  Image  of  thin  wire  (.25  mm  diameter)  at 
80  mm  range:  (a)  photo;  (b)  three- 
dimensional  plot  of  20X  x  20X  area 
surrounding  the  reflector;  (c)  contour 
diagram  and  cross-section  plots. 


(2)  a  "3-dimensional"  plot  of  a  selected  portion 
of  the  image,  20  X  x  20  X  (9.1  n  x  9.1  nrn)  ; 

(3)  a  contour  plot  of  the  same  portion  shown  in 
the  "3-D"  plot.  "Tic"  marks  on  the  axes 
represent  X  =  .45  mm  .  Contour  levels  are 
at  .85  ,  .70  ,  .55  ,  .40  ,  .25  ,  and  .10 
of  the  maximum  height; 

(4)  horizontal  and  vertical  cross-sections 
through  the  contour  plot.  The  plane  of 
intersection  for  the  horizontal  (or  vertical) 
cross-section  is  indicated  by  the  horizontal 
(or  vertical)  line  in  the  contour  plot.  The 
corresponding  cross-sections  are  plotted 
along  the  horizontal  (or  vertical)  axis. 

For  ease  of  comparison,  all  graphs  were  nor¬ 
malized  before  plotting.  Image  data  is  envelope 
detected  (absolute  value  followed  by  low-pass 
filter)  before  displaying. 

For  this  imaging  experiment,  the  range  of  the 
target  was  80  mm  ,  and  the  imaging  aperture  was 
16  nrn  .  For  conventional  optics,  this  would  be 
an  f/5  system.  However,  since  we  use  round  trip 
delays,  instead  of  one  way  delays  for  focusing,  we 
effectively  halve  the  f/number  of  the  imaging 
system.  Thus,  the  above  experiments  use  an  imaging 
system  which  has  an  effective  f-number  of  F/2.5  , 
where  F  =  f/2  is  the  effective  f/number.  To 
first  approximation,  the  range  resolution  is  deter¬ 
mined  by  the  pulse  length,  and  the  lateral  resolu¬ 
tion  is  determined  by  the  imaging  wavelength  and 
f-number  .  Paraxial,  cw  optics  predicts  a 
lateral  resolution  of  about  FX  .  The  range  resol¬ 
utions  indicated  in  Figs.  2  and  3  are  comparable  to 
X  (-.45  mm)  .  The  lateral  resolutions  indicated 
in  these  same  figures  are  comparable  to 
FX  (-1.1  mm)  .  The  transducer  array  used  for  real 
data  acquisition  has  two  defective  elements.  These 
missing  elements  probably  lead  to  slightly  higher 
sidelobe  levels  and  asynmetrical  distribution  of 
sidelobes  around  the  main  lobe.6 

A  nonlinear  processing  scheme  has  been  used  to 
reduce  sidelobe  levels.  The  particular  nonlinear 
algorithm  we  have  chosen  works  as  follows: 

(1)  record  the  acoustic  echo  data  in  real-time; 

(2)  read  this  data  out  to  the  computer; 

(3)  "compress"  the  data  by  taking  the  square  root 
of  each  sample; 

(4)  write  this  "compressed"  data  back  into  the 
imaging  hardware; 

(5)  focus  the  data  in  real-time  (in  the  usual 
manner) ; 

(6)  read  this  focused  data  into  the  computer;  and 

(7)  "expand"  the  focused  data  by  squaring  each 
picture  element. 

We  are  developing  nonlinear  amplifiers  which  will 
allow  us  to  perform  this  processing  in  real-time. 

The  potential  benefits  of  nonlinear  processing 
have  been  described  elsewhere. 1 >2, 3  The  concept 
may  be  illustrated  through  a  simple  example.  Sup¬ 
pose  the  return  echo  from  a  point  target  to  each  of 
the  elements  is  of  amplitude  A  .  After  recon¬ 
struction,  the  amplitude  of  the  main  lobe  will  be 
NA  (N  =  number  of  elements  in  the  array).  The 
amplitude  of  the  "far-out"  sidelobes  will  be  A  . 
Thus,  conventional  linear  processing  yields  a  main 
lobe  to  far-out  sidelobe  ratio  of  N:1  (30  dB  for 

a  perfect  32-element  system).  With  nonlinear  pro¬ 
cessing,  the  main  lobe  level  is  boosted  to  AN^ 
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while  the  f<  -out  sidelobes  remain  at  amplitude  A. 
In  this  way,  nonlinear  processing  should  yield  a 
main  lobe  to  far-out  sidelobe  ratio  of  N^:l 
(60  dB  for  a  perfect  32-element  imaging  system). 
Nonlinear  processing  should,  for  the  same  reasons, 
suppress  the  "near-in"  sidelobes  (those  sidelobes 
close  to  the  main  lobe). 

Figure  4  shows  the  simulated  data  reconstruc¬ 
ted  using  nonlinear  processing  (square  root  com¬ 
pression/square  expansion).  Figure  5  shows  real 
data  reconstructed  using  the  same  nonlinear  algo¬ 
rithm.  The  advantage  of  nonlinear  processing  is 
apparent  here.  For  the  simulated  data,  the  first 
sidelobes  ("near-in"  sidelobes)  have  dropped  from 
-14  dB  for  linear  processing  down  to  -25  dB  for 
nonlinear  processing.  A  similar,  but  not  quite  so 
dramatic,  reduction  in  sidelobe  levels  is  obtained 
using  real  data  from  the  wire  target.  At  present, 
we  sample  the  echoes  at  a  10.5  MHz  rate.  This 
gives  only  3  samples  per  wavelength.  Using  a 
small  number  of  samples  per  wavelength  reduces  the 
amplitude  of  the  main  lobe. 

The  range  and  lateral  resolutions  of  real 
images  are  comparable  to  those  of  the  simulated 
images,  being  approximately  X  and  FX  ,  respec¬ 
tively.  Nonlinear  processing  provides  a  marked 
decrease  in  sidelobe  leuel  without  any  deteriora¬ 
tion  of  the  single  point  resolution.  We  will  show 
later  that  nonlinear  processing  sometimes  intro¬ 
duces  undesirable  artifacts. 

Figure  6  shows  an  image  reconstructed  from 
simulation  of  two  point  targets  at  a  range  of 
80  mm  ,  laterally  separated  by  2  mm  .  Figure  7 
shows  an  image  of  two  small  wires  (.25  mm  diame¬ 
ter)  separated  by  2  mm  .  The  two  objects  are 
resolvable  for  both  simulated  and  real  echo  data. 
The  image  of  real  data  has  a  small  bump  on  axis, 
be'nind  the  two  wires .  We  believe  this  is  due  to  a 
mode  converted  echo  which  returns  later  than  the 
front  face  reflection.  Such  delayed  echoes  are 
also  observed  for  single,  thicker  (1.25  mm  diame¬ 
ter)  wire  targets.  Alternatively,  this  delayed 
echo  may  be  due  to  a  scattering  interaction  between 
the  two  wires. 

REAL  TIME  IMAGING  APPLICATIONS 


In  this  section  we  present  a  series  of  images 
demonstrating  the  performance  of  the  imaging  system 
in  a  variety  of  practical  situations.  Images  made 
with  three  different  types  of  arrays  are  shown: 
longitudinal  waves  in  water,7’8  surface  waves  on 
aluminum  using  an  edge-bonded  array,9  and  longitu¬ 
dinal  waves  in  aluminum  using  a  new  direct  contact 
array.  The  latter  array  represents  an  important 
extension  to  the  imaging  system  for  NDE  applica¬ 
tions,  since  it  is  either  inconvenient  or  impracti¬ 
cal  to  provide  a  water  buffer  between  the  trans¬ 
ducer  and  the  test  specimen.  A  similar  contacting 
shear  wave  transducer  array  is  currently  being 
developed. 

Figure  8  demonstrates  the  ability  of  the  sys¬ 
tem  to  distinguish  small  targets  close  to  a  large 
specular  reflector.  The  benefits  of  nonlinear 
processing  are  clear. 

The  next  images  (Fig.  9)  were  obtained  using 
an  edge-bonded  surface  wave  array.  The  surface 
waves  are  coupled  to  the  test  specimen  by  means  of 
a  polyethylene  strip  and  a  thin  smear  of  liquid 
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Figure  4.  Simulated  echo  data  (same  as  used  in 

Fig.  2)  reconstructed  using  square  root/ 
square  non-linear  processing:  (a)  photo 
of  display,  (b)  three-dimensional  plot 
of  20X  x  20X  area  surrounding  the 
reflector;  (c)  contour  diagram  and  cross- 
section  plots. 
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Figure  5.  Experimental  echo  data  (same  as  in  Fig.  3) 
reconstructed  using  square  root/square 
non-linear  processing:  (a)  photo  of  dis¬ 
play;  (b)  three-dimensional  plot  of 
20X  x  2 OX  area  surrounding  the  reflec¬ 
tor;  (c)  contour  diaqram  and  cross- 
section  plots. 


Figure  6.  Image  of  two  point  reflectors  separated 
by  2  mm  reconstructed  from  simulated 
data:  (a)  plots  of  display;  (b)  three- 
dimensional  plot  of  20X  x  20X  area  sur¬ 
rounding  reflectors;  (c)  contour  diagram 
and  cross-section  plots. 


couplant  (Sonotrac),  The  acoustic  images  clearly 
show  the  three  saw  cuts,  the  corner  of  the  block, 
and  ghost  images  of  the  saw  cuts  reflected  in  the 
corner  of  the  block.  It  is  also  just  possible  to 
discern  two  short  bars,  one  in  the  upper  left  cor¬ 
ner  and  the  other  along  the  bottom  edge  of  the 
image.  These  correspond  to  the  two  edges  of  the 
block,  indicating  that  the  angular  acceptance  of 
the  array  is  at  least  +45°  .  The  value  of  non¬ 
linear  processing  in  reducing  sidelobe  levels  is 
apparent  in  the  nonlinear  image  of  Fig.  9. 

A  further  example  of  surface  wave  imaging  is 
shown  in  Fig.  10.  Here  the  test  specimen  was  an 
aluminum  plate  with  two  fatigue  cracks,  measuring 
3  mm  and  1  mm  wide,  with  a  width  to  depth  ratio 
of  about  2  .  The  cracks  are  closed  at  the  surface 
to  within  a  few  hundred  Angstroms. 

The  images  in  Fig.  11  were  taken  with  the  new 
direct  contact  longitudinal  wave  array.  The  test 
specimen  was  an  aluminum  block  with  1/16™  inch 
holes  drilled  in  it.  The  p^cement  of  the  array 
and  the  block  for  the  two  viewing  directions  is 
indicated  in  Fig.  11.  The  twn  linear  real-time 
images  are  also  shown  in  the  figure.  It  should  be 
emphasized  that  these  images  are  the  first  that  we 
have  taken  using  this  new  type  of  array  and  there¬ 
fore  represent  only  preliminary  results. 

CONCLUSION 

We  have  demonstrated,  by  comparison  of  simu¬ 
lated  images  with  experimental  images,  that  our 
real-time  synthetic  aperture  acoustic  imaging  sys¬ 
tem  is  capable  of  diffraction  limited  performance 
at  a  frame  rate  of  30  Hz  .  The  benefits  of  non¬ 
linear  processing  in  reducing  sidelobe  levels  have 
been  illustrated  for  simple  objects. 
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Figure  7.  Image  of  two  thin  wires  (.25  mm  diameter) 
laterally  separated  by  2  nm  at  80  mm 
range:  (a)  photo  of  display,  (b)  three- 
dimensional  plot  of  20X  x  20X  area  sur¬ 
rounding  reflectors;  (c)  contour  diagram 
and  cross-section  plots. 


We  have  imaged  several  complex  objects,  includ¬ 
ing  real  fatigue  cracks.  Here,  too,  the  improve¬ 
ment  in  image  quality  gained  by  nonlinear  proces¬ 
sing  is  evident.  It  should  be  pointed  out  that  the 
degree  of  improvement  observed  with  point  targets 
will  not  be  seen  for  more  complex  objects.  The 
images  of  Fig.  10  are  a  good  example  of  the  arti¬ 
facts  to  be  expected  from  nonlinear  processing. 

With  linear  processing,  the  3  mm  fatigue  crack  is 
one  continuous  line;  with  nonlinear  processing,  the 
same  crack  might  be  interpreted  as  two  point  scat¬ 
tered. 


Our  first  images  taken  with  the  new  direct 
contacting  longitudinal  wave  array  are  encouraging. 
We  plan  to  continue  development  of  this  technology. 
Future  effort  will  also  be  directed  toward  a  better 
understanding  of  the  performance  of  the  system  in 
imaging  specular  reflectors  at  oblique  angles  and 
further  exploration  of  the  improvements  afforded 
by  nonlinear  processing. 
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Saarbrucken,  West  Germany 


ABSTRACT 


The  article  describes  the  results  of  two  methods:  the  Fresnel  approximation  and  the  convolution 
method  used  for  the  exact  Rayleigh-Sommerfeld  equation.  Curves  fc**  the  Fresnel  approximation  are  shown 
as  a  function  of  flaw  depth  and  number  of  sample  points.  Despite  a  violation  of  the  fresnel  condition, 
an  image  can  be  achieved  without  visible  phase  distortion.  This  and  its  limits  are  shown  on  synthetic 
and  experimental  data.  By  shifting  the  hologram  and  not  changing  the  symmetric  phase  factor,  calculation 
time  is  saved  because  the  rearrangement  in  the  image  space  is  achieved  automatically.  The  exact  method 
"angular  spectrum"  has  been  simplified  in  three  steps.  For  different  Insonification  angles  in  shear  wave 
holography,  the  data  set  must  be  multiplied  by  an  aperture  function  before  being  Fourier  transformed. 
Examples  demonstrate  the  usefulness  of  contact  technique  probes.  To  improve  the  recording  time,  a  140 
element  array  will  be  multiplexed  electronically  and  moved  mechanically. 


INTRODUCTION 


Image  formation  in  holography  can  be  achieved 
optically  and  numerically  (Ref.  1).  The  numerical 
reconstruction  has  several  advantages  versus  opti¬ 
cal  reconstruction:  objectivity,  reproducibility 
and  free  scaling  image  enhancement.  Some  short¬ 
comings  are:  high  costs  and  long  reconstruction 
time  with  conventional  data  processing.  We  will 
describe  here  basic  developments  in  performing  the 
calculations  on  a  PDP  11/34  computer,  our  experi¬ 
ences  with  the  implementation  of  the  Fresnel 
approximation  and  the  angular  spectrum  method  and 
show  the  direction  for  implementing  a  fast  record¬ 
ing  and  reconstruction  system. 

FRESNEL  RECONSTRUCTION 


A  measure  for  the  quality  of  an  acoustic 
image  is  the  resolution  achieved  in  the  image 
space.  In  addition,  the  effect  of  phase  errors 
introduced  by  the  paraxial  approximation  or  by 
the  expansion  of  the  phase  factor  have  to  be 
carefully  investigated.  Figure  1  shows  a  two- 
dimensional  Fresnel  reconstruction  of  flat  bottom 
holes  at  a  depth  of  100  mn  in  steel.  The  pattern 
in  the  center  consists  of  3  mm  holes  with  edge-to- 
edge  separations  down  to  1  mm,  corresponding  to 
2.2  wavelengths  at  2.G6  MHz  frequency.  A  resolu¬ 
tion  of  better  than  2  mm  at  this  great  depth  could 
easily  be  achieved.  The  outer  circle  demonstrates 
the  sensitivity  for  the  Fresnel  reconstruction. 

The  smallest  dot  corresponds  to  a  3  mn  hole,  the 
largest  one  to  a  10  mm  hole. 

To  investigate  the  effect  of  different  degrees 
of  violation  of  the  Fresnel  conditions  I  and  II 
(Fig.  2),  we  used  synthetic  data  and  varied  the 
flaw  depths  z  between  60  mm  and  200  mm  and  in¬ 
creased  finally  the  frequency,  so  that  the  ultra¬ 
sonic  wavelength  decreased  from  3  mm  to  0.5  mm. 
Figure  2  shows  the  phase  disturbances  when  the  flaw 
depth  varies.  In  case  No.  1,  despite  "8"  being 
less  than  "156",  the  reconstruction  is  correct. 

In  cases  No.  2  to  6,  the  error  in  the  square  root 
expansion  gets  more  and  more  severe  and  results 
finally  in  severe  phase  distortions.  To  get  a 
more  quantitative  description,  Fig.  3  shows  the 
Fresnel  conditions  for  three  different  longitudinal 
and  shear  wave  wavelengths.  If  the  actual  data  lie 
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Fig.  1  Fresnel  reconstruction,  256  x  256  samples, 
flaw  depth  -  100  mm;  frequency  -  2.6  MHz. 
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Fig.  2  Effect  of  Violation  of  the  Fresnel 
conditions. 


203 


MHz 


Flaw  dspth  j 


phase  factor  (Ref.  2),  this  is  done  automatically. 
One  additional  effect  is  the  shift  of  the  image  by 
the  amount  of  2  Ly/xz^  (Fig,  b). 


_ a; 


Ux 


2  ft  2 


_ am! 

0 

Rearranging  of  tptctrum  nectitciry 


Fig.  3  Validity  of  Fresnel  approximation:  region 
abcve  the  curves. 


Fig.  5  Fresnel  reconstruction  with  symmetric  and 
asymmetric  phase  factor. 


above  the  curve,  the  phase  distortions  can  be 
neglected.  If  they  lie  below  the  curve,  there  is 
a  large  possibility  that  the  result  will  be 
correct.  This  demonstrates  clearly  that  the  Fres¬ 
nel  conditions  are  only  a  sufficient  criterion. 
Figure  4  shows  a  correct  reconstruction  of  a  Y- 
shaped  flaw  in  120  mm  depth,  where  the  Fresnel 
approximation,  marked  by  "+",  is  slightly  violated. 
The  image  resolution  is  about  1.4  mm. 


10  m* 


flaw  alia  6,5  m*  dittancat  1/2/3  nw* 


Fig.  4  Fresnel  reconstruction  with  an  experimental 
data  set. 

In  Fresnel  reconstruction,  the  holographic 
data  are  multiplied  by  an  exponential  function  and 
then  Fourier  transformed.  The  integral  has  to  be 
converted  to  a  discrete  Fourier  series  in  order  to 
calculate  the  FFT  in  the  computer.  The  substitu¬ 
tion,  x'-  Lq  »  x",  shifts  the  aperture  Ly  into  the 
positive  domain  and  the  quadratic  phase  factor  is 
shifted  too.  To  get  a  nondistorted  picture  in  the 
image  space,  we  have  to  exchange  the  data  set 
(0,  tr/T )  with  the  data  set  (tiT,  2.j/T).  This  re¬ 
quires  additional  calculation  time.  If  we  shift 
the  hologram  by  Lq  and  do  not  change  the  symmetric 


ANGULAR  SPECTRUM  METHOD 

The  interpretation  of  the  Rayleigh-Sommerfeld 
equation  in  the  form  of  a  convolution  leads  to  an 
exact  solution.  But  instead  of  one  fast  Fourier 
transformation,  we  have  to  perform  three  FFT's.  We 
will  show  now  that  it  is  possible  to  use  fewer 
sample  points  and  to  decrease  the  calculation  time. 
The  improvement  is  shown  with  the  aid  of  a  data 
set  of  128  x  128  sample  points  and  lone ; tudlnal 
waves.  In  the  last  step,  this  method  ,  adapted  to 
45°  shear  waves. 

Figure  6  shows  the  reconstruction  with  the 
angular  spectrum  method  by  a  comouter  simulation. 

At  the  top,  the  real  part  and  imaginary  part  of  the 
exponential  function  can  be  seen;  in  the  middle,  the 
real  part  and  the  imaginary  part  of  the  synthesized 
holographic  data  are  seen  and  at  the  bottom,  the 
intensity  distribution  in  the  image  space,  which 
reproduces  the  image  of  point-like  flaws  with  edge- 
to-edge  separation  of  1  mm  to  6  mm  can  be  seen. 
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5  MHt  ,  40  d«pth 


Fig.  6  Angular  Spectrum  Method  with  synthetic 
holographic  data  set. 


204 


Tor  the  development  of  the  convolution,  we  used 
experimental  values  of  flaws  at  a  depth  of  120  mm, 
with  an  ultrasonic  frequency  of  2.32  MHz.  The  con¬ 
ventional  use  of  the  convolution  needs  a  "fill  up" 
by  zeros,  so  If  the  data  set  is  limited  to  128  x 
128,  only  64  x  64  data  can  bo  used  for  experimental 
data.  This  restricts  the  aperture,  figure  7  shows 
the  data  set  together  with  the  exponential  function 
and  its  Fourier  transform.  Because  the  exponential 
function  has  to  be  truncated  very  early,  its 
amplitude  has  not  yet  diminished  sufficiently. 

This  causes  ripples  in  the  Fourier  domain  and  hence 
phase  distortions  in  the  image  domain.  Neverthe¬ 
less,  the  Image  reconstruction  in  the  figure  below 
agrees  very  well  with  the  flat  bottom  holes. 


•  -function  and  "0" 
1?«  .  126 


-  10  m* 
f*ionitru<tion 


CONVOLUTION 


6b  ■  6b  lairpUi 

holographic  data 
imaginar )  pat  f 


founar  transtormot>on 


flaw  depth  120  mm 

(Itwtitt  O.S 

wavaltnglh  2  7 

a*  .  *>  VI 

•  per tuff  111*1*2 

IE  0° 


Fig.  7  Angular  Spectrum  Methud  filled  up  by  zeroes 
computer  FFT  of  the  exponential  function. 

This  phase  error  can  be  avoided  by  using  the 
Fourier  transform  of  the  exponential  function 
taken  from  -infinity  to  +infinity.  The  analyti¬ 
cally  transformed  function  extends  from  -  «s  to  +  oo 
too.  This  function  is  now  shifted  in  such  a  manner 
that  the  low  frequencies  lie  in  the  lower  left 
corner.  Then  this  data  set  is  mirrored  into  the 
other  three  quadrants.  After  multiplication,  with 
the  transformed  data  set,  the  inverse  transform 
produces  the  image  shown  at  the  bottom  of  Fig.  8. 

A  comparison  in  the  frequency  content  of  the  holo¬ 
gram  at  the  top  and  the  propagation  function  in  the 
middle  shows  that  only  three  fringes  of  the  propa¬ 
gation  function  contribute  to  the  image.  Higher 
frequencies  are  eliminated  by  the  evanescing 
hologram  transform  amplitudes.  The  sample  rate  can 
now  be  adapted  to  the  highest  frequency  content  of 
the  experimental  data  and  not  to  the  highest 
frequency  of  the  propagation  function  in  the 
middle  of  its  aperture.  This  results  in  an  in¬ 
crease  in  the  investigated  material  volume,  while 
keeping  the  computer  calculation  time  and  computer 
memory  size  constant. 

The  mirroring  of  the  transformed  propagation 
function  into  the  other  three  quadrants  is  the  pre¬ 
requisite  for  the  last  step  of  the  development, 
the  use  of  128  x  128  experimental  values  instead 
of  64  x  64  and  adding  zeroes  to  fill  up  the  128  x 
128  data.  The  software  for  performing  these  cal¬ 
culations  will  run  within  40  minutes  on  a  P0P11/50 
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Fig.  8  Angular  Spectrum  Method,  filled  up  by 
zeroes,  direct  calculation  of  the 
exponential  function  and  its  mirror 
pictures  in  the  frequency  domain. 

computer  or  within  five  minutes  on  a  VAX.  The 
results  are  shown  in  Fig.  9,  with  two  different 
grey  level  scales  and  shows  an  excellent  agreement 
with  the  true  flaw  dimensions. 
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Fig.  9  Angular  Spectrum  Method;  use  of  the  entire 
field  for  experimental  data,  direct 
calculation  of  the  exponential  function 
and  its  mirror  pictures  in  the  frequency 
domain. 


In  the  above  examples,  we  used  vertical  inson- 
ification  with  longitudinal  waves.  In  the  case  of 
shear  waves,  the  sound  beam  modulates  the  holo¬ 
graphic  data  V(x,y).  This  means  the  spectrum  is 
shifted  to  higher  frequencies.  By  introducing  an 
aperture  function,  b(x,.y),  me  spectrum  can  be 
shifted  back.  The  formalism  for  pulse  echo  with 
longitudinal,  or  with  shear  waves  under  arbitrary 
angles  in  x  direction,  is  given  by  the  following 
equation: 
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|u(x.y)r  e  |F“(r+  tb(x.y)V (x,y )]  ■  (1) 

exp.  +  n7)]l|? 

with 

b(x,y)  *  exp.  (1—  x  sin  «.)  (?) 

In  the  case  of  pulse  echo  0",  we  have  ot=  0"  and 
b(x,0)  =  1. 

This  illumination  function,  b(x,y),  has  to  bo 
used  only  In  the  angular  spectrum  method.  Accord¬ 
ing  to  the  shift  theorem,  it  would  only  shift  the 
image  in  the  Fresnel  approximation  formalism.  Fig. 
10  shows  the  effect  of  the  illumination  function 
for  a  45"  shear  wave.  The  Information  in  the 
frequency  domain  on  the  right-hand  side  is  shifted 
to  the  lower  frequency  domain  and  can  now  be 
multiplied  by  the  propagation  function  to  perform 
the  necessary  steps  for  the  final  Fourier  back 
transformation. 


Fouri«rtran$form«d :  holographic  data 


45° illuminating  vertical  Illuminating 

(unction  shifts  ths  function 

spectrum  back 


Fiq.  10  Fffect  of  the  illumination  function  to 

correct  the  modulation  by  the  shear  wave 
insonification. 

INSTRUMENTATION 

lhe  above  formalism  has  been  implemented  on 
a  POP  11/34  computer.  To  improve  the  reconstruc¬ 
tion  time,  a  MAP  300  array  processor  will  reduce 
the  time  between  data  recording  and  image  pre¬ 
sentation  to  about  60  seconds  for  a  set  of  126  x 
128  sample  points.  Until  now,  a  two  dimensional 
scanner  moved  the  probe  in  a  square  wove  scan 
pattern.  The  scan  time  needed  was  about  180 
seconds.  This  time  can  be  reduced  to  about  56 
seconds  by  the  application  cf  the  electronic 
scheme  shown  in  Fig.  11.  Measurements  of  the 
sound  field  of  an  140  element  linear  2  MHz  array 
showed  amplitude  variations  of  less  than  1  dB. 
These  elements  will  be  multiplexed  electronically, 
but  eight  elements  will  be  switched  together  to 
obtain  a  sufficient  signal/noise  ratio. 

Besides  the  data  recording  and  reconstructing 
time,  an  easy  to  handle  probe  and  probe  holding 
device  are  very  important.  Figure  12  shows  a  45°, 
2.25  MHz  probe  in  the  contact  technique  with  a 
water  gap  of  about  1/2  mm.  The  probe  is  spring 
loaded  against  the  wall  and  can  follow  its  curva¬ 
ture.  The  same  technique  will  be  applied  to  the 
large  140  mm  array  or  smaller  arrays. 

CONCLUSIONS 

It  has  been  shown  that  the  resolution  limit 
for  shear  or  longitudinal  waves  is  one  wavelength 
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Fig.  11  Quasi-realtime  holography. 


Fig.  12  2.25  Mhz  shear  wave  probe  in  contact 

technique  for  holography. 


and  it  could  be  achieved  by  both  Fresnel  reconstruc¬ 
tion,  as  well  as  the  exact  angular  spectrum  method. 
Phase  errors  will  cause  artifacts  if  the  Fresnel 
conditions  are  strongly  violated.  In  most  practial 
cases,  as  shown  by  comptuer  simulation  and  corres¬ 
ponding  experiments,  small  violations  of  the  Fesnel 
condition  are  tolerable.  A  technique  has  been 
presented  where  time  can  be  saved  in  calculating 
the  Fresnel  reconstruction  because  the  rearranging 
in  the  spectrum  is  done  automatically.  Time  and 
computer  storage  capacity  has  been  saved  in  the 
angular  spectrum  method  by  calculating  a  shifted 
propagation  function  in  the  Fourier  domain  and 
mirroring  it  into  the  remaining  three  quadrants. 

In  the  case  of  shear  waves,  the  sound  beam  modulates 
the  holographic  data.  By  multiplying  the  experi¬ 
mental  data  by  an  aperture  function,  a  distortion- 
free  holographic  image  is  calculated.  These  formal¬ 
isms  have  been  implemented  on  a  PDP  11/34  computer. 
Current  work  is  directed  towards  reducing  the  data 
collecting  time  by  multiplying  a  140  element  linear 
array. 
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ACOUSTIC  IMAGING  BY  WAVEFRONT  RECONSTRUCTION 


K.  M.  Lakin*,  W.  R.  Sheppard**,  and  K.  Tam** 

University  of  Southern  California 
Los  Angeles,  California  90007 


ABSTRACT 

A  reconstruction  of  the  ultrasonic  scattered 
fields  in  the  zone  near  the  scatter  constitutes  an 
image  of  the  scatterer  or  flaw.  In  a  real  case 
the  reconstruction  zone  may  contain  more  than  one 
distinct  scatterer  and  accordingly  the  entire 
group  form  the  image.  At  a  remote  location  the 
scattered  fields  form  a  complicated  diffraction 
pattern  which  will  yield  the  image  if  operated  on 
by  a  suitable  set  of  mathematical  operations. 

The  measurement  of  the  remote  fields  is  of  major 
interest  as  it  affects  the  image  quality.  Unlike 
phased  array  systems,  the  transducer  spacing, 
hence  measurement  sampling  density,  is  determined 
by  the  spatial  frequencies  of  the  diffraction 
pattern  and  sampling  theory.  This  paper  will 
describe  the  implementation  of  a  64  x  64  2D  array 
and  the  results  obtained  in  imaging  the  phase  and 
magnitude  of  source  and  scattered  fields. 


with  a  high  degree  of  temporal  coherence.  However, 
a  CW  system  would  be  unusable  in  a  real  NDE  system 
because  of  standing  wave  effects. 

The  system  being  implemented  is  coherent  to 
the  extent  that  tone  burst  excitation  is  employed 
at  frequencies  of  interest.  The  length  of  tone 
burst  must  be  sufficient  to  assure  complete  illum¬ 
ination  of  the  object  region  so  that  waves  vector- 
ially  sum  at  the  measurement  plane.  Upper  bounds 
on  pulse  length  are  determined  by  stray  signal  paths 
and  the  desire  for  fast  data  through-put. 

In  a  time  domain  echo  system  two  objects  might 
be  resolved  by  using  short  pulses  that  require 
large  bandwidths.  In  a  coherent  imaging  system  the 
spatial  bandwidth  of  the  scattered  field  and  sampl¬ 
ing  system  is  used  to  obtain  one  desired  resolution. 
Since  tone  burst  waveforms  are  relatively  narrow 
bandwidth,  higher  signal-to-noise  ratios  may  be  ob¬ 
tained  using  narrow  bandwidth  amplifiers  and  co¬ 
herent  detection  schemes. 


I.  INTRODUCTION 

Implementation  of  the  coherent  wavefront  re¬ 
construction  imaging  system  discussed  here  involved 
the  physical  construction  of  a  two  dimensional 
transducer  array  and  associated  electronics.  Last 
year  we  reported  on  the  basic  theory  and  detailed 
the  64  x  64  transducer  array  and  multiplexer  elec¬ 
tronics  (1).  In  the  interim  the  receiver  cir¬ 
cuitry  was  improved  in  order  to  allow  coherent 
phase  sensitivity  detection  with  I  and  Q  channel 
pulse  outputs  proportional  to  the  real  and  imagi¬ 
nary  parts  of  the  scattered  tone  burst  waveform. 
Here  we  will  briefly  review  the  important  features 
of  the  imaging  system  and  then  discuss  the  experi¬ 
mental  results  that  have  been  obtained  to  date. 

In  the  most  general  sense  the  imaging  system 
is  a  means  of  sampling  the  spatial  distribution  of 
waves  scattered  from  an  object.  Fig.  1.  The  basic 
assumption  is  that  the  nature  of  the  object  is  in¬ 
directly  revealed  by  the  diffraction  pattern  and 
directly  obtained  by  a  suitable  technique  which  re¬ 
constructs  fields  at  the  scatterer.  The  current 
form  of  reconstruction  requires  that  the  complex 
form  of  the  scattered  fields  be  measured  and  pro¬ 
cessed,  Normally  this  would  imply  a  CW  system 
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The  finite  spatial  sampling  of  the  scattered 
fields  has  some  important  implications  regarding 
resolution  and  image  quality.  Since  discrete 
Fourier  transforms  are  employed  in  the  small  angle 
reconstruction,  the  image  is  necessarily  periodic 
in  the  image  plane  (1,2),  Figs.  1,2.  The  system 
resolution  is  given  simply  by. 


where  x  is  the  acoustic  wavelength  and  e  the  half 
angle,  Fig.  2.  Note  in  particular  that  the  reso¬ 
lution  is  independent  of  sampling  densities  in  the 
measurement  plane.  However,  the  image  width  is 
given  by 

F  =  R/AU. 

Thus  coarse  sampling  gives  rise  to  narrow  image 
fields  that  may  result  in  aliasing.  In  general, 
only  the  object  region  should  be  i’luminated  if 
other  distortion  or  ghost  effects  are  to  be  avoided. 
These  effects  may  be  largely  eliminated  by  simple 
image  processing  techniques  which  increase  image 
width  and  display  resoli  tion. 
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II.  EXPERIMENTAL  RESULTS 

The  coherent  Imaging  technique  has  been  test¬ 
ed  with  synthetic  aperture  data  as  well  as  with 
data  taken  from  the  2D  array.  In  the  former  case 
the  data  has  higher  signal -to-noise  ratio,  due  to 
the  more  efficient  transducer  used  for  scanning, 
and  does  not  have  to  be  normalized.  Here  we  re¬ 
port  only  on  data  that  has  been  taken  with  the 
2D  array. 

In  using  the  2D  array  it  is  necessary  to  first 
obtain  a  calibration  matrix  which  is  composed  of 
individual  transfer  functions  of  the  array  ele¬ 
ments.  The  transfer  function,  as  used  in  this  re¬ 
port,  is  obtained  by  transtating  the  array  such 
that  a  given  element  is  located  a  fixed  distance 
away  from  a  conventional  transducer  in  a  water 
tank  and  then  recorded  the  complex  wave  signal. 
After  each  array  element  has  been  positioned  and 
measured  the  transfer  function  matrix  is  normalized 
to  the  largest  signal.  A  grey  scale  display  of 
the  magnitude  and  phase  of  a  typical  calibration 
matrix  is  shown  in  Figs.  3a, b.  Since  the  2D  array 
was  built  as  four  separate  sections  the  slight 
lack  of  parallism  is  apparent  in  the  phase  display. 
Note  that  the  scan  plane  itself  was  not  parallel 
to  the  transducer  plane  as  indicated  by  the  tilt 
in  the  phase  characteristics.  The  slight  tilt  has 
no  measurable  influence  on  the  amplitude  of  the 
transfer  function. 

In  the  amplitude  part  of  the  transfer  function 
matrix  it  is  clear  that  some  array  elements  or 
multiplexing  chips  are  inoperative.  Isolated  zeros 
in  the  measured  scattered  data,  due  to  an  inopera¬ 
tive  element,  do  not  cause  significant  errors  in 
the  reconstructed  image  because  it  appears  as  a 
small  but  uniform  amplitude  shift  after  the  Fourier 
transform  operation.  A  small  number  of  zeros  in 
the  transfer  function  may  be  corrected  by  a  nearest 
neighbor  spatial  averaging  of  the  scattered  field 
data  assuming  a  high  enough  sampling  density. 

The  first  case  of  data  measured  by  the  array, 
and  reported  here,  is  the  radiated  beam  from  a 
0.5"  dia  (42xdia  in  water)  focused  transducer 
having  a  2"  focal  length.  The  array  was  located 
16"  from  the  transducer  in  a  water  tank  environ¬ 
ment.  Although  the  measured  data  is  stored  in 
real  and  imaginary  form,  the  amplitude  is  shown  in 
Fig.  4  for  convenience.  Since  the  computer  could 
handle  only  part  of  the  64  x  64  data  array,  only 
the  even  elements  are  shown.  Thus  the  display 
density  is  one  half  the  true  sampling  density.  In 
Fig.  4  it  is  clear  that  useful  diffraction  data 
exists  well  out  into  the  edges  of  the  measurement 
field.  A  close  up  view  of  the  central  32  x  32 
measured  data  is  shown  in  Fig.  5  with  the  true 
sampling  density. 

The  64  x  64  focused  transducer  data  was  then 
reconstructed  at  several  planes;  Fig.  6a  at  the 
apparent  focal  point.  Fig.  6b  slightly  closer  to 
the  transducer,  and  Fig.  6c  at  the  plane  of  the 
transducer. 

The  second  case  considered  was  the  scattering 
from  a  through-drilled  hole  in  an  aluminum  block. 


Fig.  7.  In  this  case  the  measured  field  consisted 
of  the  main  transducer  pattern  after  reflection 
minus  that  part  due  to  the  hole  in  the  block.  The 
reconstructed  image  is  shown  in  Fig.  S.  An  image 
more  characteristic  of  the  hole  would  have  been 
obtained  by  positioning  the  array  out  of  the  main 
reflected  beam. 

III.  SUMMARY  AND  CONCLUSION 

Implementation  of  a  2D  acoustic  transducer 
array  in  a  coherent  imaging  system  has  been  car¬ 
ried  out  using  both  source  and  scattered  fields. 
The  finite  sampling  caused  by  the  array  and  the 
periodic  nature  of  discrete  Fourier  transforms 
places  some  constraints  on  the  image  field  and  may 
give  rise  to  aliasing  or  ghost  effects.  However, 
when  the  data  is  oversampied  image  processing 
techniques  may  be  employed  to  improve  the  image 
display  qual ity. 
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IMAGE  PROCESSING  FOR  NONDESTRUCTIVE  EVALUATION 


M.  H.  Jacoby 
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ABSTRACT 

Digital  image  processing  techniques  can  improve  the  interpretation  and  evaluation  of  radiographic 
and  acoustic  image  data  as  well  as  the  time  domain  waveforms  produced  r.y  ultrasonic,  eddy  current,  and 
acoustic  emission  —  in  two  important  ways.  First,  the  image  or  waveform  being  evaluated  can  be  en¬ 
hanced  to  bring  out  detail  not  readily  apparent  to  the  observer.  Second,  the  properly  enhanced  image 
or  waveform  can  be  evaluated  automatically  by  computer.  The  size  of  defects  can  be  measured,  and 
accept/rej ect  decisions  made,  without  relying  on  the  subjective  interpretation  of  an  inspector. 

During  the  past  ten  years  many  new  and  innovative  procei  es  have  been  developed  for  image  enhance¬ 
ment  and  restoration.  This  presentation  describes  just  one:  the  spatial  filtering  technique  used  to 
put  acoustic  and  radiographic  images  in  a  mode  suitable  for  automatic  computer  evaluation. 


INTRODUCTION 

The  aim  of  image  enhancement  is  to  improve 
the  visual  appearance  of  Images  or  to  transform 
them  into  a  representation  suitable  for  computer 
analysis. 

1  2 

Review  articles  by  Hunt  and  Hall  give  a 
comprehensive  picture  of  the  field  and  contain 
a  total  of  almost  100  references  and  citations. 
More  recently,  Harrington  and  Doctor^  have  ex¬ 
tended  these  techniques  to  encompass  ultrasonic, 
eddy-current,  and  acoustic  emission  testing 
technology.  Pratt^  has  written  a  textbook  that 
gives  mathematical  and  conceptual  background  as 
well  as  applications. 

Pearson  and  his  colleagues  at  Lockheed  have 
described  the  use  of  enhancement  methods  as  a 
starting  point  for  automatic,  computer-based 
image  evaluation  (see  references  5  through  9) . 

In  this  presentation,  spatial  filtering  and 
its  applications  to  particular  radiographic  and 
acoustic  images  are  shown.  Other  straight¬ 
forward  procedures  —  contrast  stretching,  trend 
removal  and  smoothing  —  will  be  demonstrated  as 
part  of  the  overall  spatial  filtering  process. 

SPATIAL  FILTERING 

Figure  1  reproduces  a  radiographic  image 
of  a  glass-wrapped,  rubber-insulated,  cylindrical 
pressure  vessel.  The  requirement  is  to  process 
the  image  so  that  cuts  in  the  insulation  can  be 
evaluated  automatically  by  computer. 


Fig.  1 

The  radiograph  was  scanned  and  digitized 
with  a  flying-spot  scanner,  and  the  result  stored 
in  memory  as  a  two-dimensional  512  x  512  array  of 
picture  elements  (pixels)  with  each  50  micron 
diameter  pixel  quantized  to  one  of  2^  =  512  gray 
shades.  The  contrast  of  the  digitized  image  was 
stretched  to  accommodate  the  full  nine-bit  range, 
and  global  trends  in  image  brightness  were  re¬ 
moved  by  curve  fitting  and  subtraction.  The  re¬ 
sult  of  these  manipulations  is  shown  in  Fig  2:  a 
cut  in  the  insulation  is  readily  apparent. 
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Fig.  2  Contrast  enhanced  and  gradient  removed. 

The  long  vertical  indication  on  the  right 
hand  side  is  the  planned  cut  in  the  in¬ 
sulation.  The  much  shorter  indication  on 
the  left  hand  side  was  not  planned.  A  bit 
to  the  left  of  the  long  indication  is  a 
small  indication  of  a  high-density  in¬ 
clusion  either  in  the  insulation  or  the 
glass. 

Because  of  the  way  the  pressure  vessel  is 
fabricated,  cuts  in  the  insulation  can  occur  only 
in  the  vertical  or  horizontal  direction  on  the 
radiograph.  With  this  knowledge  it  is  possible 
to  develop  a  spatial  filtering  technique  that  will 
attenuate  the  image  of  the  glass  case  (the  cross- 
hatched  lines).  The  filtered  image  will  then  con¬ 
tain  only  horizontal  end  vertical  components  and 
is  thus  presented  to  the  computer  in  a  mode  highly 
suitable  for  automatic  evaluation  of  cuts  in  the 
insulation. 

In  spatial  filtering  what  is  done  is  decom¬ 
pose  the  two-dimensional  matrix  of  brightness 
values  that  represent  the  image  into  a  linear 
combination  of  elementary  functions.  If  Fourier 
analyses  are  used  for  the  decomposition,  the  re¬ 
sulting  elementary  functions  (which  are  sines  and 
cosines)  represent  the  spatial  frequency  of  the 
image.  The  mathematical  representation  of  this 
decomposition  is  given  by  the  two-dimensional 
Fourier  integral: 

f(x,  y)  “J><Jf(u,v)c  (ux  +  vy^dudv  ‘ 

—  oo 

The  complex  number  F(u,  v)  is  a  weighting  factor 
that  must  be  applied  to  the  elementary  function 
exp  [i27T  (ux  +  vy)  ]  in  order  to  synthesize  the 
riginal  f(x,y). 


Figure  3  is  a  representation  of  the  magnitude 
of  the  spatial  frequency  components  of  the  original 
radiograph.  Since  F(u,v)  is  a  complex  number  there 
is  also  a  spatial  phase  present.  This  phase  is 
not  shown  in  the  diagram,  but  It  is  contained  in 
the  values  stored  in  the  computer  memory. 


Fig.  3  Spatial  Frequency  Spectrum 


The  two-dimensional  Fourier  transform  of  one 
particular  spacing  in  the  image  plane  is  given  by 
the  magnitude  of  the  impulse  pair  in  the  spatial 
frequency  domain.  To  remove  that  particular 
spacing  from  the  image  plane,  simply  filter  out 
the  impulse  pair  and  transform  the  filtered 
spectrum  back  into  the  image  plane.  It  should  be 
noted  that  no  matter  what  section  ot  a  uniform 
scene  is  being  considered,  the  magnitude  of  the 
spectrum  is  always  the  same  and  thus  the  filter 
function  is  always  the  same. 

Figure  4  shows  the  filtered  spectrum  of  the 
image.  All  the  impulse  pairs  that  make  up  the 
cross-hatch  indications  have  been  attenuated  except 
one,  the  pair  at  u  “  0,  v  =0,  This  can  be  con¬ 
sidered  as  the  dc  value  of  the  image,  and  sets  the 
background  brightness  level  of  the  image. 


Fig.  4  Filtered  Spectrum 
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COLOR  GRAPHICS:  AN  AIO  TO  DATA  INTERPRETATION 
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ABSTRACT 

Color  displays,  because  of  their  high  Information  content,  have  Inherent  advantages  over  mono¬ 
chromatic  display  terminals.  The  extra  dimensions  that  color  adds  to  traditional  CRT  displays  can  be 
utilized  to  provide  faster  and  more  accurate  pattern  recognition  for  the  human  eye,  as  well  as  a 
corresponding  Increase  In  quantitative  and  qualitative  Information.  These  advantages  have  been  real. zed 
In  a  newly-developed  color  graphics  system  for  nondestructive  evaluation. 

INTRODUCTION 


The  field  of  color  display  has  gained  enor¬ 
mous  interest  due  to  recent  growth  In  available 
graphics  hardware  and  software.  The  coupling  of 
this  new  technology  with  Increasingly  sophisti¬ 
cated  user  requirements  makes  a  color  graphics 
system  a  useful  tool  for  visualizing  complex, 
multidimensional  data  structure?  and  for  display¬ 
ing  results  of  abstract  algorithms.  This  paper 
reports  selected  details  of  a  newly-developed 
color  graphics  system  (CGS),  and  its  applications, 
primarily  in  the  field  of  nondestructive  evalua¬ 
tion.  The  particular  hardware  wl1!  be  described 
as  well  as  the  graphics  and  application  software 
package. 

Of  necessity,  all  Images  reproduced  in  this 
publication  are  In  monochrome,  and  the  original 
Information  available  through  the  medium  of  color 
Is  therefore  compromised.  Actual  color  prints  are 
available  on  request,  although  a  nominal  fee  will 
be  charged  for  requests  Involving  more  than  one 
figure. 


HARDWARE 


The  color  graphics  system  (CGS)  comprises 
three  separate  entitles:  data  sources,  a  host 
minicomputer,  and  a  display  system.  Data  sources 
may  be  external  to  the  entire  system,  or  may  con¬ 
sist  of  Instrumentation  attached  to  the  host;  In 
this  report  the  Science  Center  Test  Bed1  has  been 
primarily  used  to  acquire  the  data.  The  host 
minicomputer  utilized  Is  a  Data  General  S/200 
Eclipse  with  tape  and  disk  storage;  there  Is  a  DMA 
link  between  the  S/200  and  the  color  display  pro¬ 
cessor.  A  schematic  of  this  equipment  arrangement 
Is  shown  In  Fig.  1. 

The  display  processor,  a  GENISCO  GCT-3000,  is 
linked  with  a  CONRAC  19  In.  red-green-bl ue  (RGB) 
video  monitor,  a  trackball  for  cursor  control,  and 
a  keyboard.  The  processor  controls  storage  of 
data  In  8  parallel  Internal  planes  of  512  x  512 
RAM  memory,  which  provides  the  user  with  255  (2°) 
different  Integer  values  that  may  be  assigned  to 
each  location  In  RAM.  Each  location  In  RAM  cor¬ 
responds  to  one  spatial  location  In  x  and  y  on  the 
video  monitor,  called  a  pixel  (picture  element). 
The  Integer  value  In  the  RAM  location  Is 
Interpreted  for  color  Intensity  level  assignment 
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Fig.  1  Schematic  diagram  of  hardware. 

by  a  video  look-up  table  (VLT),  described  In  more 
detail  later,  which  can  be  displayed  for  reference 
on  the  monitor.  The  refresh  frame  rate  Is  30  Hz 
interleaved.  A  hardware  character- vector  gen¬ 
erator  allows  enhanced  speed  for  graphics  manipu¬ 
lation,  and  the  hardware  ZOOM/SCROLL  feature  pro¬ 
vides  high  speed  display  enlargements  of  1,  2,  4 
or  8  times,  and  horizontal  and  vertical  scrolling 
of  the  image.  Both  of  these  functions  are  per¬ 
formed  without  altering  the  contents  of  the  RAM 
memory.  A  4  In.  *  5  In.  view  camera  Is  currently 
being  used  to  generate  hardcopy.  To  avoid 
flicker,  the  cathode  ray  tube  In  the  monitor  Is  of 
the  long  persistence  phosphor  type. 

SOFTWARE 

Introduction  -  The  goal  1r.  the  development  of  this 
software  was  to  provide  highly  Interactive 
graphics  and  Image  display  capabilities  In  a 
research  environment.  To  promote  simplicity  In 
creating  programs  to  meet  new  applications,  the 
software  was  modularized  and  structured.  This  was 
accomplished  by  the  generation  of  a  set  of  FORTRAN 
callable  subroutines  for  use  by  application  rou¬ 
tines  In  the  host.  These  subroutines  function 
Independently,  each  having  a  separate  display 
function,  and  are  merged  together  to  form  a 
comprehensive  graphics  library  In  the  host,  which 
Interfaces  with  the  display  processor  via  an 
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assembly  language  driver.  The  routines  In  the 
library  generate  macro  Instructions  which,  when 
received  by  the  display  processor,  are  executed 
under  the  processor's  own  operating  system  on  the 
monitor.  Several  features  of  the  library  are 
noteworthy:  It  is  an  Independent  set  of  exclusive 
functions  which  can  be  easily  accessed  In  virtual¬ 
ly  any  combination  by  a  user  (application)  pro¬ 
gram;  the  functions  allow  user  control  over 
character  and  s> ape  generation;  the  user  can 
easily  define  new  sets  of  colors  (VLT's)  to  be 
utilized  for  a  particular  application;  and  the 
user  can  Interactively  control  cursor,  zoom,  and 
scroll  features.  Figure  2  Indicates  the  flow  of 
software  control,  as  well  as  examples  of  line 
graphics  and  Imaging.  Figure  2a  Indicates  the 
logical  use  of  the  software,  Including  data  Input 
from  various  sources,  the  development  of  user 
Interactive  routines,  and  the  actual  interfacing 
to  the  color  processor  through  the  set  of  library 
functions.  Figure  2b  exhibits  the  vector  graphics 
capabilities.  Figures  2c  and  d  are  examples  of 
Images  generated  from  C-scans  of  an  800  y  flaw; 
both  utilize  the  hardware  zoom  capabilities,  with 
2c  set  at  a  zoom  factor  of  2,  and  2d  at  8. 
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a.  Logical  use  of  software. 


b.  Line  graphics. 


Library  Functions  -Shape  and  character  generation 
Is  provided  by  routines  which  construct.  In  user 
defined  sizes,  vectors,  filled  or  unfilled 
rectangles,  three-dimensional  boxes,  circles 
generated  by  separate  vectors,  and  alphanumeric 
strings  In  vertical  or  horizontal  dlrectons. 
Examples  of  shapes,  labels  and  color  control  are 
shown  In  Fig.  3.  Color  output  can  be  controlled 
both  by  assigning  a  particular  color  from  the 
video  look-up  table  (VLT)  for  succeeding  shapes 
and  labels,  and  by  redefining  the  VLT  itself.  The 
VLT  Is  a  256  element  array,  which  is  referenced  by 
host  programs  to  assign  a  particular  color  to  each 


Fig.  2  Logical  flow  of  software  plus  examples  of 
software  to  generate  line  drawings  or 
images. 

data  value.  A  simple  example  of  this  Is  the 
renormal Izaton  of  a  parameter  such  as  signal 
amplitude  which  may  range  from  0  to  5  volts  Into 
the  Integer  range  1  to  256.  The  exact  value 
resulting  from  this  mapping  of  volts  to  the  range 
1-256  Is  then  the  exact  Index  for  the  VLT  array. 

If  the  VLT  Is  a  simple  linear  16-level  gray  scale, 
the  resulting  Image  Is  very  easy  to  interpret: 
bright  areas  represent  large  signal  amplitude  and 
dark  areas  represent  small  signal  amplitude. 


Fig.  3  Shape,  label,  and  color  control 
capabil Itles. 
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To  obtain  color  Images,  the  VLT  values  must 
be  tailored  to  yield  a  desired  pattern.  Each 
element  of  the  VLT  consists  of  12  bits,  4  each 
defining  red,  blue,  and  green;  this  allows  each  of 
the  256  elements  to  be  defined  as  one  of  4096 
{?.)  colors,  l.e.,  combinations  of  various 
Intensities  of  red,  green  and  blue.  It  should  be 
noted  that  changing  a  VLT,  l.e.,  changing  the  bit 
pattern  assigned  to  each  of  the  256  elements  of  a 
VLT,  automatically  changes  the  color  assignment  of 
the  linage  currently  represented  on  the  monitor; 
therefore,  a  single  Image  may  be  displayed  with 
several  different  VLT's  In  succession.  In  an 
attempt  to  find  the  best  representation  for  that 
Image.  Figure  4  shows  6  color  assignments  for  a 
C-scan  of  a  0-shaped  titanium  sample  with  3 
flaws.  The  Irregular  shape  In  the  upper  right 
hand  corner  should  be  Ignored.  Although  repro¬ 
duced  here  In  monochrome,  It  Is  still  possible  to 
see  that  different  VLT's  can  produce  quite  dif¬ 
ferent  results.  Unique  to  this  work  Is  the  use  of 
graded- Intensity  four  color  scales;  examples  are 
shown  In  Figs  4a  and  4b.  This  color  structure 
yields  easily  quantified  contours  as  well  as  a 
large  dynamic  range.  A  fifth  color  Is  added  to 
Indicate  signal  saturation.  Figure  4c  shows  a 
more  conventional  continuous  spectrum  scale. 
Figures  4d,  4e  and  4f  are  examples  of  color  scales 
that  Identify  specific  signal  ranges  by  different 
solid  colors;  this  technique  could  be  valuable  for 
field  inspection  and  recording. 


a,  b.  Two  arrangements  of  the  four-color 
scale:  (white,  red,  green  blue)  and 
(red,  green,  blue,  white). 


c.  Continuous  spectrum  -  rainbow. 


d.  Two  defined  ranges. 


Fig.  4  Six  examples  of  different  VLT's 


APPLICATIONS 

There  exists  a  constant  need  for  improving 
productivity  and  reliability,  both  In  general 
Industry  and  in  NOE.  To  this  end,  the  high 
content  of  Information  and  easy  interpretation  of 
color  displays  yields  distinct  advantages  over 
monochromatic  displays.  We  will  briefly  describe 
here  various  applications  of  our  color  graphics 
system  (CGS).  Techniques  for  the  acquisition  of 
dati  vary,  but  all  acquired  data  require  some  form 
of  display  to  be  Interpreted.  In  general,  there 
are  two  basic  methods  for  displaying  Information: 
line  graphics  and  imaging.  Line  graphics  include 
drawing  vectors,  characters,  and  points  to  form 
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f.  Five  defined  ranges. 


Fig.  4  Color  assignment  by  changing  VLT's. 

ordinary  graphs  In  two  dimensions.  It  also  In¬ 
cludes  perspective  drawings  of  multiple  two- 
dimensional  graphs  to  form  three-dimensional 
graphs.  Two  and  three  dimensional  graphics  are 
often  formed  on  monochromatic  black  and  white  sys¬ 
tems;  on  a  CGS,  the  added  dimension  of  color  al¬ 
lows  the  user  to  enhance  Information  which  may 
have  been  obscured  In  a  black  and  white  system. 

An  example  of  this  Is  shown  In  Fig.  5  where  trans¬ 
ducer  waveforms  for  several  different  settings  of 
the  damping  parameter  have  been  plotted  on  the 
same  coordinate  axes.  Although  the  various  colors 
reproduce  only  as  various  shades  of  gray  In  this 
publication,  In  the  original  the  color  coding  al¬ 
lowed  easy  comparison  of  all  six  settings  at  once. 


a.  Color  coded. 


Tint  ll«> 


b.  Monochromatic. 

Fig.  5  Transducer  response. 


For  the  purposes  of  this  discussion,  the  term 
"Imaging"  will  mean  the  display  of  a  two  dimen¬ 
sional  pattern  of  many  tiny  rectangles  (pixels), 
each  of  which  displays  the  value  of  a  parameter  by 
a  shade  of  gray  or  color  value  at  the  relative 
spatial  position  It  Is  placed.  To  Interpret  any 
Image,  a  video  look-up  table  or  legend  must  be 
provided  which  shows  the  relationship  between  the 
set  of  color  values  and  the  parameter  values. 
Ultrasonic  Imaging  Is  often  done  on  monochromatic 
systems  that  normally  yield  a  reasonable  reproduc¬ 
tion  of  the  object  values;  with  the  use  of  color, 
further  dynamic  range  can  be  gained  and  specific 
details  of  the  ohject  enhanced.  Figure  6  Illus¬ 
trates  both  a  graphics  drawing  and  an  Image  of  the 
theoretical  data  describing  a  2:1  oblate  spherical 
void. 2  Note  the  correspondence  of  the  two  areas 
of  low  level  of  signal  on  the  Image  with  the  val¬ 
leys  shown  In  the  T-0  graphics  Image.  Each  repre¬ 
sentation  has  certain  advantages.  The  perspective 
drawing  In  this  case  Is  more  Immediately  recogniz¬ 
able  to  the  untrained  eye,  but  "hides"  data  values 
which  lie  behind  large  peaks,  and  is  difficult  to 
quantify  without  painstaking  use  of  a  straight¬ 
edge.  The  Image  pattern  Is  more  difficult  to 
recognize  until  the  eye  Is  accustomed  to  the  VLT, 
but  it  has  other  advantages: 

(a)  there  is  no  hidden  data; 

(b)  there  is  a  built-in  dynamic  range  of 
1  to  256;  and 

(c)  by  using  four  colors,  each  shaded 
from  dark  to  bright,  the  Image  Is 
automatically  quantified  and 
contoured. 

The  use  of  shading  In  (c)  above  Is,  to  the  know¬ 
ledge  of  the  authors,  unique  to  the  CGS  used  with 
the  testbed, 2  but  promises  to  be  generally  useful 
in  NOE  and  other  imaging  applications  because  of 
its  large  dynamic  range  and  natural  contouring 
capability. 


Fig.  6  Line  graphics  and  image  of  oblate 
spherical  void  2:1. 


Most  programs  developed  on  this  imaging 
system  are  for  displaying  data  taken  on  the 
Testhed,  indicated  in  Fig.  1  and  described  in  more 
detail  In  Reference  1.  Data  is  acquired  through 
an  A/0  by  the  S/200  and  stored  on  disk  for  later 
analysis  and  display.  The  microprocessor  is 
capable  of  either  raster  or  circular  scans,  and 
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the  S/200  can  acquire  either  the  peak  amplitude  of 
a  waveform  within  a  time  gate,  or  the  full 
waveform,  yielding  C-  or  B-scans.  The  four 
resulting  combinations  are  Illustrated  In  Fig.  7. 
Figure  7a  shows  a  raster  C-scan  of  a  1  In.  thick 
disk  of  titanium,  where  the  transducer  moved  back 
and  forth  In  the  x  dimension,  alternating  with 
small  Indexing  motions  In  the  y  dimension.  The 
area  scanned  Is  0.5  by  0.5  In.,  and  the  f1  w  Is  a 
seeded  800  micron  spherical  void.  Figure  7b  shows 
a  circular  C-scan  of  a  similar  sample  with  an 
oblate  void.  In  this  example,  the  sample  was 
rotated  In  a  full  360"  under  the  transducer  before 
each  small  index  move  along  the  radial  dimension. 
Figure  7c  shows  a  circular  0-scan  of  the  same 
sample  used  In  7a.  The  void  shows  clearly  In  the 
center,  halfway  between  the  front  face  echoes  and 
back  face  echoes.  In  this  display  program,  one 
may  choose  what  band  of  rotation  angle  will  be 
displayed.  In  Fig.  7c,  the  entire  0°  to  180° 
rotation  is  shown  at  once.  Figure  7d  shows  a 
raster  0-scan.  Nine  successive  0-scans  are  shown, 
one  for  each  of  9  sequential  values  of  the  y 
dimension.  Each  is  a  plot  of  x  vs  time  for  a 
titanium  sample  with  a  weld  bead  on  the  lower 
surface.  The  Irregularity  In  the  back  face  echo 
at  the  end  of  the  weld  bead  shows  clearly  In  the 
right  must  Image  of  the  middle  row. 
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Raster  c-scan 


d.  Raster  B-scan. 

Fig.  7  The  basic  four  scan  modes. 

read  a  disk  file  and  show  the  control  data  l  ocks 
to  be  sent  from  the  S/200  to  the  test-bed  micro¬ 
processor.  It  also  plots  the  paths  the  transducer 
and  pivot  point  will  follow  with  respect  to  the 
part  Itself.  This  allows  rapid  checking  of  a 
Testbed  control  block  fie  to  make  sure  the  trans¬ 
ducer  won't  hit  the  part  during  the  scan. 
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Figure  8  shows  a  circular  C-scan  of  a  13  in 
radius  turbine  disk.  Figures  8b  and  8c  show  two 
different  zooms  of  that  Image.  Figure  8d  shows 
the  output  of  a  dlajnostlc  program  designed  to 
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Entire  Image 


b.  Portion  of  image,  v.1  th  zoom  factor 
set  to  8- _ _ 


c.  Portion  of  image  with  zoom  factor 
set  to  8. 
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d.  Displays  of  data  blocks  and  the  resulting 
oath  of  transducer  and  holder  with  respect 
to  part. 


Fig.  8  Displays  used  for  circular  C-scans 
of  a  13  in.  radius  turbine  disk. 

Figure  9a  shows  ultrasonic  transmission  at¬ 
tenuation  C-scans  of  two  pieces  of  graphite/epoxy 
composite  about  0.100  inches  (2.5  mm)  thick, 


imaged  in  16-level  gray  scale,  lhe  top  piece  is 
held  by  two  pieces  of  scrap  metal  and  Is  free  of 
natural  defects.  It  is  a  calibration  place  with 
an  artifical  slot  and  a  0.025  Inch  (0.64  mm)  hole, 
parallel  to  the  scan  plane,  which  are  clearly 
visible  In  the  otherwise  rather  uniform  pattern. 
The  lower  piece  is  the  test  piece  and  has  only  5 
artificial  defects,  consisting  of  drilled  through 
holes:  4  small,  1  larger.  The  rest  of  the  pattern 
is  caused  by  poor  transmission  of  ultrasound, 
probably  due  to  porosity.  Figure  9b  is  the  same 
image  with  a  color  VLT.  Even  In  the  monochrome 
rendition  of  the  color  image  which  is  presented 
here,  far  more  detail  can  be  seen  and  quantified 
in  Fig.  9b  than  in  Fig.  9a. 


a.  initial  grey-scale  Image 


b.  Same  image  with  further  detail  enhanced 
through  color  representation. 


Fig.  9  C-scans  of  graphite-epoxy  composites. 

Other  applications  have  been  developed  as 
needs  emerged.  Figure  10a  is  an  Image  of  91 
POFFIS  “waveforms"  which  resulted  from  Inverting 
theoretical  scattering  data  representing  a 
quadrant  of  an  800  micron  void.3  Each  waveform  Is 
displayed  at  a  different  angle,  corresponding  to 
the  direction  in  which  data  was  generated. 

Figure  10b  Is  a  display  of  data  taken  with  an 
infrared  imaging  system  of  a  human  face.  The  data 
was  transferred  to  the  CGS  by  magnetic  tape  and 
translated  into  a  common  format. 

In  summary,  the  ability  of  a  CGS  to  display 
and  manipulate  a  large  amount  of  information,  with 
capabilities  not  available  on  monochromatic  sys¬ 
tems,  has  been  illustrated  for  a  variety  of  NDE 


a.  Image  of  POFFIS-generated  inversion  data 


b.  Infrared  Imaging  of  human  face 
Fig.  10  Additional  applications. 


oriented  data.  It  can  be  expected  that  more  ap¬ 
plications  win  follow.  Further  software  develop¬ 
ment  is  now  in  progress  on  real  time  disolay 
during  scans,  and  on  displaying  B-scans  obtained 
from  parts  with  curvilinear  profiles.  Additional 
processing  of  the  acquired  data,  beyond  the  simple 
peak  amplitude  detection  shown  In  this  paper,  is 
pi  anned. 
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ABSTRACT 

The  scanning  acoustic  microscope  operating  in  water  with  a  frequency  of  2.5  GHz  (wavelength  6000  8) 
has  been  used  to  nondestructive^  characterize  materials  and  devices  in  a  manner  inaccessible  to  optical 
and  electron  microscopy. 

Adhesion  of  thin  films  of  Cr  on  glass  (optical  masks  for  photolithography)  is  shown  to  be  a  strong 
source  of  acoustic  microscope  contrast.  This  offers  nondestructive  evaluation  of  film  adhesion  on  a 
microscopic  scale  for  the  first  time. 

Study  of  intentionally  damaged  integrated  circuit  structures  reveals  damage  features  not  visible  in 
optical  microscopy.  Microscopic  subsurface  imaging  of  composite  structures  is  presented,  as  in  other 
recent  acoustic  microscope  imaging  of  materials.  Recent  theoretical  work  in  acoustic  response  of  layered 
materials  is  reviewed. 


The  scanning  reflection  acoustic  microscope 
reveals  information  complementary  to  that  obtain¬ 
able  by  optical  and  electron  microscopy.  The 
acoustic  microscope  is  sensitive  to  the  mechanical 
properties  (stiffness,  density,  viscosity)  of  a 
sample.  In  some  cases  information  unobtainable  by 
any  other  nondestructive  technique  is  revealed  by 
acoustic  microscopy. 

In  Fig.  1  a  10  nsec  P.F  pulse  applied  to  the 
ZnO  transducer  is  converted  into  an  acoustic  plane 
wave  pulse  propagating  in  the  sapphire  towards  the 
hemispherical  lens.  The  lens  focuses  the  sound 
wave  to  a  diffraction  limited  spot  in  the  water 
coupling  the  lens  to  the  reflecting  object,  which 
is  mechanically  scanned  in  a  raster  pattern.  The 
amplitude  of  the  reflected  acoustic  pulse  controls 
the  brightness  of  a  CRT  display. 

In  Fig.  2,  we  see  optical  and  acoustic  micro¬ 
graphs  of  two  samples  of  chromium  on  glass  masks 
used  for  photolithography  by  a  semiconductor  manu¬ 
facturer.  In  Figs.  2(a)  —  (c)  the  1000  A  Cr  film 
is  well  adhered  to  the  glass  substrate,  as  deter¬ 
mined  by  the  tape  test  and  scratch  test  for  film 
adhesion.  The  contrast  is  uniform  across  the  Cr 
area  of  all  three  pictures.  In  the  acoustic  micro¬ 
graphs  this  indicates  uniformity  of  mechanical 
properties. 

In  Figs.  2(d)  —  (f),  micrographs  of  poorly 
adhering  Cr,  the  contrast  around  the  edges  of  the 
Cr  regions  Indicates  different  adhesion  from  the 
central,  presumably  better  adhered  areas,  In  the 
optical  photo  the  only  evidence  of  poor  adhesion 
is  nicks  where  the  Cr  has  actually  peeled  off. 

The  acoustic  image  can  thus  show  areas  of  poor 
film  adhesion  nondestructively. 

In  Fig.  3  we  see  acoustic  micrographs  at  dif¬ 
ferent  focal  positions  of  an  aluminum  line  on  sili¬ 
con.  The  quartz  passivation  layer  on  top  has  been 
purposely  damaged  with  a  diamond  indenter.  The 
radial  pattern  of  lines  diverging  away  from  the 
damaged  area  are  mostly  not  visible  in  the  optical 
oil  Immersion  micrograph.  We  believe  these  are 
microcracks  in  the  quartz  passivation  layer  and  in 


the  silicon  substrate.  The  width  of  the  As.  line  is 
15  p  and  the  width  of  the  cracks  is  near  the  5000  A 
resolution  limit  of  the  acoustic  microscope  at 
2.6  GHz. 

Figure  4  'hows  optical  and  acoustic  images  of 
a  composite  ma>  rial  fabricated  by  Dupont;  hollow 
glass  spheres  imbedded  in  polyethylene.  There  are 
several  spheres  visible  in  the  acoustic  images  which 
are  completely  absent  from  the  optical  picture. 

They  are  below  the  surface  of  the  optically  opaque 
polyethylene  matrix.  Because  of  the  good  impedance 
match  between  water  (Z  =  1.55  and  1(P  yiii/cmz  sec) 
polyethyelene  (Z  =  1.7  x  105  gm/cmz  sec),  the  poly¬ 
ethylene  is  transparent  to  sound  and  subsurface 
spheres  are  easily  Imaged. 

Figures  5  and  6  show  polished  materials  samples 
in  which  features  are  visible  in  the  acoustic  micro¬ 
graphs  of  the  polished  but  unetched  samples  which  are 
completely  invisible  in  the  optical  micrographs  of 
the  matched  sample.  Grain  boundaries  and  twin  lines 
visible  in  acoustic  micrographs  of  the  unetched  Si 
sample  in  Fig.  5  become  visible  optically  only  when 
the  sample  is  etched. 

In  the  case  of  the  polished  inconel  (Nl/Cr/Fe 
alloy)  sample,  there  are  in  fact  twin  lines  within 
individual  grains  which  are  visible  in  the  acoustic 
images  but  are  not  visible  even  in  the  optical 
micrograph  of  the  etched  sample.  This  alloy  has 
similar  etch  rates  for  different  crystal  orienta¬ 
tions,  so  optical  images  of  etched  samples  mainly 
reveal  the  grain  boundaries,  where  the  etch  rate  is 
higher.  The  acoustic  images  reveal  a  high  degree 
of  contrast  between  different  grains,  and  even  with¬ 
in  what  etching  would  appear  to  define  as  individual 
grains.  We  attribute  this  to  the  anisotropy  of  the 
crystallites  and  the  resultant  difference  in  acous¬ 
tic  reflectance. 

We  have  written  the  necessary  programs  to  cal¬ 
culate  predicted  acoustic  microscope  response  for 
samples  consisting  of  plane  solid  layers  on  a  solid 
substrate,  The  microscope  detected  power  output  is 
plotted  versus  lens-object  spacing  Z  ,  as  in  Fig.  7 
In  this  graph,  the  curves  represent  the  predicted 
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microscope  V(Z)  for  three  different  samples: 

Glass,  1000  a  Cr  well  adhered  to  glass,  and  1000  A 
of  Cr  with  a  vacuum  layer  between  it  and  glass. 

The  predicted  relative  contrasts  between  three  such 
areas  in  a  single  acoustic  microscope  image  can  be 
found  by  noting  the  three  values  of  V(Z)  for  a 
fixed  lens  -  object  spacing  Z  . 

The  important  point  about  the  V ( Z )  plots  at 
hand  is  that  they  successfully  predict  observed 
contrast  In  the  acoustic  micrographs  of  well  adhered 
and  poorly  adhered  chromium  on  glass.  They  also 
show  that  poor  adhesion  is  expected  to  be  directly 
observable  in  acoustic  micrographs,  as  we  observe 
from  Fig.  2  to  be  the  case.  We  choose  to  model  a 
poorly  adhering  Cr  film  as  a  thin  layer  of  vacuum 
between  film  and  substrate. 

In  summary  we  have  presented  examples  of  the 
acoustic  microscope's  ability  to  reveal  Information 
about  materials  and  structures  which  is  not  readily 
obtainable  by  any  other  nondestructive  technique. 

This  work  was  supported  by  the  Air  Force  Office 
of  Scientific  Research  under  Contract  F49620-78-C- 
0098. 
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SCANNING 


FIG.  1— Acoustic  lens. 
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1000 A  Cr  ON  GLASS  (GOOD  ADHESION) 


(a)  OPTICAL 


(b)  ACOUSTIC,  FOCUSED  ON  Cr 


(c)  ACOUSTIC,  FOCUSED  ON  GLASS 


1000  A  Cr  ON  GLASS  (POOR  ADHESION) 


(e)  ACOUSTIC  Z  s  -  l/x  (f)  ACOUSTIC  Z  =  -0.5/x 

FIGURE  2 
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aluminum  line  on  silicon  with  quartz  overlay 


(a)  OPTICAL  x 620 


(b)  ACOUSTIC  (2600  MHz) 

POLYETHYLENE  TEREPHTHAL ATE 
WITH  IMBEDDED  GLASS  BEADS 


FIGURE  4 
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ACOUSTIC  MICROSCOPY  OF  CURVED  SURFACES 
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ABSTRACT 


The  Metrology  and  Imaging  modes  of  the  acoustic  reflection  microscope  arc  applied  to  spherically 
shaped  specimens.  Metrology  is  usually  practiced  by  translating  the  specimen  along  the  acoustic  beam 
axis.  This  operation  yields  a  measurement  of  the  local  Rayleigh  velocity  at  a  single  location  in  the  speci¬ 
men  plane.  Imaging  is  accomplished  through  raster-scanning  in  the  plane  transverse  to  the  beam  axis. 

The  two  modes  are,  in  effect,  simultaneously  employed  when  a  nonplanar  surface  of' known  curvature 
is  scanned.  The  resulting  image  reveals  nearly  concentric  rings  with  radial,  periodic  brightness  varia¬ 
tion,  if  the  surface  is  spherical  in  shape.  Stainless  steel  bearing  balls  of  tire  type  used  in  gyros  are  used 
to  demonstrate  the  technique. 


It  is  suggested  that  the  obtained  images  represent  a  two-dimensional  map  of  elastic  properties 
applicable  to  convex  (bearing  ball)  and  concave  (bearing  raceway)  surfaces. 


THE  ESSENTIAL  ELEMENTS  OF  THE 
REFLECTION  ACOUSTIC  MICROSCOPE 
(Figure  1) 

Images  are  obtained  by  raster  scanning  (in 
the  X-Y  plane)  the  highly  converging  sound  beam 
across  a  planar  object  using  a  tiny  drop  of  an 
"immersion'1  liquid,  usually  water.  The  object  is 
usually  situated  in  the  acoustic  focal  plane  and  the 
reflected  signals  containing  acoustic  information 
are  displayed  on  a  synchronized  cathode -ray  tube 
monitor  screen  or  storage  oscilloscope.  The 
focused  acoustic  beam  is  formed  by  a  polished 
hemispherical  depression  in  the  sapphire  rod  shown 
in  the  figure.  A  piezoelectric  transducer,  consis¬ 
ting  of  a  sputter -deposited  layer  of  zinc  oxide,  con¬ 
verts  the  acoustic,  energy  to  and  from  the  electrical 
signals  that  are  imaged  on  the  television  screen. 

The  reflection  acoustic  microscope  may  be  likened 
to  a  pulsed  radar  imaging  system  in  which  the  tar¬ 
get  "flies"  at  constant  altitude  and  speed.  In  this 
manner,  images  of  surface  as  well  as  subsurface 
detail  are  obtained  depending  on  the  altitude  (at  or 
below  the  surface)  at  which  the  focal  plane  inter¬ 
sects  the  object  (target).  Range -gating  (not  shown 
in  the  diagram)  is  used  to  select  the  desired  image 
pulse  from  a  host  of  spurious  signals  generated 
within  the  sapphire  rod. 

BEARING  GEOMETRY  (Figure  2) 

A  typical  rolling  element  bearing  consists  of 
bearing  balls,  outer  and  inner  raceways,  as  is 
shown  in  Figure  2.  The  surface  of  the  bearing  ball 
is  convex  and  spherical.  The  raceways  exhibit  both 
convex  and  concave  surfaces  of  nearly  cylindrical 
curvatures.  Portions  of  a  gyro  bearing  ball  were 
sectioned  and  examined  in  the  acoustic  microscope, 
that  operates  in  the  pulsed  reflection  mode  in  the 
frequency  range  near  400  MHz. 

THE  EXPERIMENT  (Figure  3) 

Bearing  balls  were  sectioned  to  provide  a 
comparison  of  AMS  results  on  both  planar  and 
spherical  surfaces  with  different  surface  finish. 

The  3/32  inch  diameter  balls  were  of  52100  stain¬ 
less  steel.  The  bearing  ball  sections  were 


cemented  to  a  fused  quartz  plate  using  a  low  tem¬ 
perature  wax. 

A  scanning  electron  micrograph  of  the  mount¬ 
ed  sections  is  shown  in  Figure  3.  The  ball  sections 
with  their  planar  faces  up  expose  a  Hughes - 
polished  52100  stainless  steel  surface.  The  sec¬ 
tion  denoted  by  the  arrow  is  mounted  with  the 
spherical  surface  pointing  up,  and,  therefore,  pre¬ 
sents  a  conventionally  lapped  bearing  ball  surface 
for  diagnostic  inspection.  The  arrow  points  to  the 
apex  of  the  sphere  where  the  measurements  were 
made. 


EXPERIMENTAL  RESULTS  -  1  (Figure  4) 


Acoustic  material  signatures  (AMS)  for  these 
two  cases  are  shown  in  Figure  4.  The  solid  curve 
represents  the  measurement  on  the  planar  (Hughes- 
polished)  surface,  while  the  dashed  curve  is  for  the 
spherical  bearing  surface.  The  AMS  curves  are  the 
video-detected  transducer  output  power  variation 
with  object  translation  along  the  lens  axis  z.  The 
AMS  is  the  result  of  interference  between  two  com¬ 
ponent  waves  that  are  reflected  from  the  substrate 
(bearing)  into  the  coupling  liquid  (deionized  water, 
v  =  1,5  mm/ps)  and  are  vectorially  summed  in  the 
piezoelectric  transducer.  As  was  shown  previously, 
in  the  AMS  mode  Rayleigh  waves  are  launched  and 
detected  coherently.  From  the  physical  model  that 
was  developed  to  explain  the  acoustic  material  sig¬ 
nature'^’^',  the  AMS  period  Azn  is  proportional  to 
the  square  of  the  mean  Rayleigh  velocity  in  the  plane 
of  the  substrate  material.  The  measured  period 
averaged  over  all  periods  in  the  figure  yields  the 

Rayleigh  velocity  v„  directly  as  given  by  Equation  1: 

K 


v 


R 


(vc  •  f  ’  AzN> 

23.  56  (Azn)1/2 


(1) 


where  the  frequency  of  370  MHz  has  been  assumed, 
and  vj  is  the  velocity  in  water.  Measured  and  de¬ 
rived  results  from  Figure  4  are  listed  in  the  table. 
It  can  be  seen  that  some  difference  exists  between 
the  two  measurements  on  surfaces  that  differ  both 
in  shape  as  well  as  in  their  preparation. 
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DISCUSSION  (Figure  4  and  Table) 


DISCUSSION  (Figures  5  and  6) 


1)  The  local  Rayleigh  velocity  was  measured 
in  a  ISO  pm  diameter  spot. 

Z)  Amplitude  reduction  in  spherical  surface 
AMS  is  caused  by  acoustic  beam  diver¬ 
gence  from  curved  surface. 

3)  Rayleigh  velocity  difference  is  not  caused 
by  curvature. 

4)  Surface  condition  is  not  known  but  differ¬ 
ent  on  bearing  surface  and  planar  section. 

5)  The  measured  Rayleigh  velocity  on  the 
bearing  surface  is  S  percent  lower  than  on 
planar  section.  This  is  consistent  with  a 
postulated  "softer"  bearing  layer  that 
results  from  observed  decarburation  of 
the  martensitic  matrix  of  52100  stainless 
steel,  commensurate  with  precipitation  of 
the  harder  carbide  grains,  that  occurs 
during  lapping  at  high  temperaturesO). 

6)  The  AMS  further  yields  an  upper  limit  for 
acoustic  absorption  amax  for  52100  stain¬ 
less  steel  on  the  planar  section,  anlax  = 

0.  12  dB/Rayleigh  wavelength  at  0.  37  5  GHz. 

7)  The  "skin  depth"  for  Rayleigh  waves  in  this 
experiment  (Xr/2h)  is  approximately  1.15 
pm. 

EXPERIMENTAL  RESULTS  -  II 

An  acoustic  image  of  the  spherical  bearing 
surface,  taken  with  the  acoustic  microscope,  is 
shown  in  Figure  5a.  This  raster-scanned  micro¬ 
graph  was  taken  with  the  apex  of  the  spherical  bear¬ 
ing  surface  at  approximately  40  pm  inside  the 
acoustic  focal  plane  (see  Figure  5b)  at  a  magnifica¬ 
tion  of  100X.  The  nominal  focal  distance  of  this 
acoustic  lens  was  previously  determined  to  be  450 
pm.  The  image  covers  an  area  approximately  600 
pm  in  diameter,  as  Figure  5b  indicates.  The  same 
approximate  area,  imaged  in  a  scanning  electron 
microscope,  is  seen  in  Figure  5c.  A  number  of 
common  surface  features,  such  as  surface  indenta¬ 
tions  and  debris,  are  apparent  in  both  acoustic  and 
SEM  micrographs. 

Superimposed  on  this  surface  detail  is  a  series 
of  bright  and  dark  circular  regions,  visible  only  in 
the  acoustic  micrograph.  These  nearly  concentric 
rings,  denoted  by  (1),  (2),  and  (3)  in  Figure  5b, 
correspond  to  the  similarly  numbered  peaks  of  the 
spherical  surface  AMS  shown  previously  in  Figure 
4.  The  outer  ring  represents  the  annular  surface 
approximately  in  the  focal  plane,  while  the  inner 
two  bright  fields,  (2)  and  (3),  represent  elastic 
information  at  23  and  40  pm,  respectively,  in  front 
of  the  focal  plane. 

The  particular  number  of  rings  shown  here  is 
quite  arbitrary.  The  number  may  be  increased  to  a 
maximum  that  corresponds  to  the  number  of  periods 
shown  in  Figure  4,  merely  by  further  translation  of 
the  bearing  surface  toward  the  acoustic  lens. 


The  generation  of  the  concentric  set  of  bright 
and  dark  rings  in  Figure  5a  may  be  related  to  the 
corresponding  peaks  and  valleys  of  the  acoustic 
material  signature  of  Figure  4  with  the  aid  of  the 
construction  shown  in  Figure  6.  The  spherical  sur¬ 
face  (Figure  6a)  is  used  as  a  transfer  curve  to  con¬ 
vert  the  one-dimensional  AMS  curve  (Figure  6b) 
into  the  two-dimensional  AMS  regional  map  shown 
in  Figure  6c.  The  latter  is,  of  course,  a  qualita¬ 
tive  image  as  approximately  inferred  from  the  peaks 
and  valleys  of  the  acoustic  material  signature.  A 
set  of  numbers  relate  spatially  the  peaks  and  valleys 
on  the  AMS  to  the  corresponding  rings  of  varying 
degrees  of  brightness. 

Figure  5a,  therefore,  constitutes  a  regional 
map  of  the  acoustic  material  signature  on  the  bear¬ 
ing  ball.  Just  as  the  null  spacing  in  the  AMS  of 
Figure  4  yields  Rayleigh  velocity  information 
locally  on  the  surface,  so  does  the  radial  spacing  of 
the  dark  rings  in  Figure  5  yield  the  Rayleigh  velocity 
in  the  two-dimensional  plane.  For  example,  the 
radial  separation  of  the  dark  rings  along  any  radial 
direction,  denoted  by  Ar  in  Figure  5,  corresponds  to 
the  AMS  spacing  Azjq  and  is  therefore  a  measure  of 
the  Rayleigh  velocity  in  that  direction.  Any  varia¬ 
tion  in  Ar  would  therefore  reveal  a  local  change  in 
stiffness,  density,  or  a  combination  of  these.  In 
fact,  some  variation  in  the  width  of  the  dark  rings  is 
quite  evident  in  the  left  t  ide  of  the  imaged  region. 
However,  the  assignment  of  a  quantitative  interpre¬ 
tation  must  await  a  full  physical  characterization 
(e.  g.  ,  layer  etch  and  SEM  examination)  of  the  sur¬ 
face. 

CONCAVE -CYLINDRICAL  SURFACES  (Figure  7) 

The  generation  of  a  set  of  concentric  rings  of 
periodically  varying  brightness  was  postulated 
using  the  convex-spherical  surface  as  a  transfer 
curve.  In  a  similar  manner,  the  raster-scanned 
acoustic  image  of  a  concave -cylindrical  surface  may 
be  postulated.  Such  a  surface  is  closely  related  to 
the  bearing  raceway  that  together  with  balls  consti¬ 
tutes  a  complete  bearing.  Figure  7  illustrates  the 
generation  of  an  acoustic  image  representing  the 
concave  raceway  surface.  The  raceway  in  cross 
section  (Figure  7a)  shows  a  cylindrical  surface  in 
the  plane  of  the  bearing  axis  with  radius  not  much 
larger  than  that  of  the  bearing  ball.  The  bearing 
si  rface  is  nearly  cylindrical  since  the  bearing 
radius  is  many  times  larger  than  the  raceway  radius. 
The  predicted  qualitative  acoustic  material  signa¬ 
ture  map  is  shown  in  Figure  7c,  as  a  linear  bar 
pattern  of  alternating  brightness  but  with  a  variable 
period  dictated  by  the  slope  of  the  circularly  cylin¬ 
drical  surface, 

SUMMARY  AND  CONCLUSIONS 

•  Acoustic  microscope  was  applied  to  NDE 
of  gyro  bearing  balls. 

•  Spherical  and  planar  surface  layers  of 
52100  stainless  steel  were  inspected. 

•  AMS  and  imaging  modes  were  used  to 
measure  elastic  properties. 
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•  Rayleigh  velocity  and  acoustic  attenuation 
values  were  determined. 

•  N.  D.  depth  profiling  and  grain  distribu¬ 
tion  sizing  appears  possible. 

•  Concave  (race)  as  well  as  convex  (ball) 
surfaces  may  be  inspected. 

•  A.  M.  is  potential  low  cost  NDE  technique 
for  Q.  C.  of  bearings. 


ACKNOW  LKDGEMENT 

Supported  by  DARPA  Order  No.  3378  under 
Contract  No.  F  336 1  5 -7  8-C -5 1 96. 


1)  Weglein.  R.  D.  ,  "A  Model  for  Predicting 
Acoustic  Material  Signatures".  Appl.  Phys. 
Lett.,  Yol.  34,  No.  3,  pp  179-181,  Feb.  1979. 

2)  Parmon,  W.  and  Bertoni,  H.  L.  ,  "Ray 
Interpretation  of  the  Material  Signature  in 
the  Acoustic  Microscope",  Electronic 
Letters,  Vol.  15,  No.  21,  pp  684-686, 

Oct.  1 979. 

3)  Baginski.  W.A.  ,  "Phase  1  -  A  New  Approach 
to  Advance  the  State-of-the-Art  of  Liquid 
Lubricated  Instrument  Ball  Bearings", 
Customer  Contract  No.  04-493431  -FS-5, 

Prime  Contract  No.  F3361  5-78-C-4196,  July 
1979.  Appendix  A  to:  Gardos,  N.  M,  ,  "Solid 
Lubricated  Rolling  Element  Bearings  - 
Semiannual  Report  No.  2",  DARPA  Order  No. 
3576,  AFML  Contract  No.  F3361  5-7  8-C-51 96, 
Hughes  Aircraft  Company  Report  No.  FR-79- 
76-1041,  15  August  1979. 


233 


m iurni o 

(hi  LAYED) 

INCIOI  NT  RT 

Hr  I  MAG! 

PULSI  PULSE 


IMAi',1 

vimo 

PULS! 


Figure  1*  Schematic  of  Reflection  Acoustic 
Microscope 
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Figure  2.  Bearing  Geometry  showing  Convex 
(Bail)  and  Concave  (Raceway)  Surfaces 


Figure  3.  SEM  Micrograph  of  Bearing  Ball 
Sections  Mounted  for  Diagnostic  Inspection 
in  Acoustic  Microscope 


TABLE.  MEASURED  RAYLEIGH  VELOCITIES  ON 
52100  STAINLESS  STEEL  GYRO  BEARING  BALL 
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Figure  4,  Acoustic  Material  Signatures  on  Planar 
and  Spherical  Surfaces 
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Figure  5.  Acoustic  and  SEM  Images  of  Gyro 
Bearing  Bali  Surface 
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Figure  6.  Acoustic  Imaging  oi  Convex 

Surface  -  Bearing  Ball 


A)  OBJECT  - 

CYLINDRICAL  RACEWAY 


B)  ACOUSTIC  MATERIAL 
SIGNATURE 
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Figure  7.  Acoustic  Imaging  of  Concave 
Surface  -  Bearing  Raceway 
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ABSTRACT 


Recent  advances  in  scanning  photoacoustic  microscopy  (SPAM)  for  NDE  are  described.  Conventional  and 
phase-contrast  modes  are  used  to  detect  a  well -characteri zed  subsurface  flaw  in  A1 ,  and  the  results  are 
shown  to  be  in  good  agreement  with  calculations  based  upon  a  three-dimensional  thermal  diffusion  model. 
Applications  of  the  technique  are  given  which  demonstrate  surface  and  subsurface  flaw  detection  in 
complex-shaped  ceramic  turbine  parts.  Photoacoustic  pictures  are  presented  of  an  integrated  circuit 
semiconductor  chip  and  show  6  ym  resolution. 


INTRODUCTION 


THEORY 


Scanning  photoacoustic  microscopy i  (SPAM)  is 
developing  into  a  valuable  NDE  technique  which  is 
particularly  applicable  for  the  detection  of  very 
small  (5tl0(im)  surface  flaws  and  somewhat  larger 
flaws  located  in  the  near  subsurface  region  (within 
1  mm).  The  technique  also  has  the  advantage  of 
being  applicable  to  samples  of  complex  shape.  In 
this  paper  we  first  review  the  essential  features 
of  the  theory  and  point  out  several  important 
parameters  by  considering  the  simple  case  of  an 
opaque  solid  slab  containing  a  back  surface  step. 

We  next  describe  an  experimental  verification  of 
this  theory  from  measurements  of  the  magnitude  and 
phase  of  the  photoacoustic  signal  for  a  rectangular 
aluminum  slab  with  a  variable  thickness  back 
surface  slot.  NDE  applications  are  illustrated  by 
SPAM  measurements  on  ceramics  with  surface  and 
subsurface  flaws  (including  a  turbine  stator  vane) 
and  on  a  semiconductor  1/C  chip. 

EXPERIMENTAL  TECHNIQUE 

A  block  diagram  of  the  apparatus  is  given  in 
Fig.  1.  The  intensity  of  the  laser  is  chopped  at 
a  frequency  fr,  and  focussed  onto  the  surface  of 
the  sample.  The  resulting  ac  temperature  profile 
of  the  surface  periodically  heats  the  layer  of  gas 
within  a  thermal  diffusion  length  of  the  surface, 
and  the  resulting  pressure  variation  couples 
through  the  gas  to  the  microphone.  The  output  of 
the  microphone  is  monitored  in  niagnitude  and  phase 
by  means  of  a  lock-in  amplifier  which  is  referenced 
to  the  chopping  frequency. 


Consider  an  opaque  solid  slab  with  a  back  sur¬ 
face  step,  varying  in  thickness  from  A>>y  to  6, 
where  y_  =  (2a/w)l/2,  u  =  2*fc,  and  a  is  sthe 
thermal sdiffusivity  of  the  sample.  We  have  carried 
out  a  Green's  function  calculation1  of  the 
resulting  ac  temperature  profile  at  the  surface  of 
the  sample  and  find  that  the  normalized  magnitude 
and  phase  of  the  resulting  photoacoustic  signal  is 
given  in  Figs.  2  end  3,  respectively.  Excellent  ^ 
agreement  is  found  with  experimental  measurements 
on  an  aluminum  slab  containing  an  850  urn  wide,  back 
surface  slot  (see  Fig.  4).  These  experiments  show 
that  the  back  surface  is  detectable  in  the  phase  at 
a  depth  >  1.82  u  ,  or  nearly  1.5  mm  for  our  lowest 
values  of  f  . 
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Fig.  2  Magnitude  of  the  complex  SPAM  signal  for  an 
opaque  slab  with  a  back  surface  step. 


APPLICATIONS 


In  order  to  illustrate  the  technique  for  NDE 
applications,  we  show  a  Si-N.  ceramic  with  a  200  urn 
Fe  inclusion  and  a  Knoop  indentation^  (Fig.  5); 
slip  cast  Si 3N4  ceramic  stator  vanesJ  with  surface 
and  subsurface  defects  (Figs.  6,  7),  and  a  semi¬ 
conductor  IC  chip4  (Fig-  8)  with  6  pm  resolution. 


Fig.  1  Block  diagram  of  the  apparatus. 
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Fig.  3  Phase  of  the  complex  SPAM  signal  for  an 
opaque  slab  with  a  back  surface  slab. 
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Fig.  5  SPAM  signal  for  a  S^Na  ceramic  with  a 

200  pm  Fe  inclusion.  Inset  shows  the  SPAM 
signal  for  a  Knoop  indentation  in  a  Si^N. 
ceramic. 


Fig.  4  Aluminum  slab  with  a  subsurface  rectangular 
slot. 


Fig.  6  SPAM  traces  of  the  fillet  region  of  the 

trailing  edge  of  a  slip  cast  SigN.  turbine 
stator  vane. 
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Fig.  7  SPAM  traces  of  a  Si,N.  stator  vane  with 
subsurface  defects. 


Fig.  5  Magnitude  and  phase  of  the  observed  SPAM 
signal  for  the  sample  described  in  Fig.  4. 
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Fig.  8  SPAM  micrographs  of  an  I/C  circuit.  The 
area  scanned  is  0.032  inch  x  0.032  inch. 
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ABSTRACT 

A  theory  of  acoustic  emission  Is  presented  based  on  a  Green's  function  type  of  formalism.  Sources 
are  represented  by  stress  drop  tensors  and  conditions  derived  from  which  the  source  can  be  considered 
small  In  terms  of  wavelength  and  distance  to  the  transducer.  These  ‘'pseudopoint"  sources  are  examined 
over  a  restricted  frequency  bandwidth,  called  the  "Informative  bandwidth".  Such  a  bandllmited  system 
may  be  described  by  a  transfer  function  matrix  type  of  formalism,  facilitating  the  analysis  and  reducing 
the  Inverse  probelm— where  the  source  Is  not  known  a  pr1or1--to  a  deconvolution  operation.  Due  to  the 
tensor  nature  of  the  source,  multiple  transducer  measurements  (generally  six)  are  necessary  to  reconstruct 
the  source  stress  drop.  The  difficulty  of  using  spectral  techniques  for  data  analysis  In  the  presence  of 
multiple  sources  Is  discussed.  In  addition,  the  strong  directionality  of  the  signal  with  respect  to 
source  type  and  orientation  Is  Illustrated  by  calculating  the  acoustic  emission  signals  generated  by  loop 
expansion  of  slip  and  climb  (prismatic  collapse)  type  dislocations. 


SUMMARY  DISCUSSION 


Unidentified  Speaker:  John,  I  have  a  question  from  the  perspective  of  one  who  is  familiar  with  a  big 

class  of  practical  acoustic  emission  proolems.  What,  If  any,  fundamental  research  do  you  think 
would  be  most  likely  to  be  useful?  What  kind  of  questions  would  you  like  to  have  answers  to? 

John  Simmons  (NSF):  The  first  thing  we  need  to  know:  What  are  the  characteristics  of  the  acoustic 

emission  business  so  we  can  discriminate  it  from  the  nice  patterns  you  have  mentioned.  We  also 
need  data  coming  from  broadband  transducers.  We  Intend,  as  part  of  this  program,  to  evaluate 
the  current  state-of-the-art,  define  such  a  fiberoptic  transducers,  find  out  which  is  hiore 
feasible  In  moving  from  a  laboratory  environment  into  a  field  environment,  and  using  them  to 
obtain  broadband  data,  as  well  as  regular  PZT  transducers  in  the  study. 

Unidentified  Speaker:  Can  you  show  the  (Inaudible) 

John  Simmons:  It  is  a  linear  least  squares  polynominal. 

Unidentified  Speaker:  The  two  X,  (inaudible) 

John  Simmons:  It's  just  the  value  of  this  polynominal.  You  obtain  certain  features  from  your  test 
data,  and  you  assign  a  weight  to  each  feature.  And  then  you  just  take  the  sum  of  all  those 
weights  until  you  get  a  number.  That's  what  the  y-axis  is. 

Unidentified  Speaker:  What  are  the  (Inaudible) 

John  Simmons:  In  this  particular  study:  There  were  five  features.  In  the  time  domain,  you  were 

looking  at  the  odd  correlation  at  laq  IS  You  were  looking  at  the  mean  of  the  wave  form,  the 
standard  deviation  of  the  waveform,  and  the  time  domain.  Also,  you  were  looking  at  the  total 
power  and  the  frequency  domain. 
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REPRODUCIBLE  ACOUSTIC  EMISSION  SIGNATURES 
BY  INDENTATION  IN  STEELS 


Roger  B.  Clough  and  John  A.  Sirmons 
Metallurgy  Division 
National  Bureau  of  Standards 
Washington,  D.C.  20234 


ABSTRACT 

Creating  reproducible  signals  from  defects  Is  of  great  importance  for  quantitative  studies  of 
acoustic  emission  (AE),  A  method  of  doing  so  is  presented  here  which  consists  of  Indentation  of 
hardened  steel  plates.  A  survey  was  made  of  a  variety  of  steels.  Including  A532B  pressure  vessel  steel 
with  an  embrittled  weld  as  well  as  embrittled  W1 ,  01  and  02  tool  steels.  Regions  In  these  steels  with 
a  Rockwell  C  hardness  greater  than  about  50  produced  detectable  AE  during  indentation.  In  many  cases 
the  signals  were  reproducible  over  an  appreciable  range  and  appeared  to  be  the  same  for  epicenter  measure 
ments  as  those  produced  by  sudden  unloading.  However,  monitoring  on  the  same  surface  as  the  crack  In 
some  cases  produced  sets  of  two  different  but  reproducible  signals  which  gradually  evolved  with  repeated 
loading  which  could  be  due  to  crack  branching  or  zigzag  motion.  Regions  In  the  steels  with  a  hardness 
less  than  about  40  on  the  Rockwel I  f  scale  produced  no  detectable  AE,  even  with  appreciable  plastic 
deformation.  Examination  with  scanim/.,  electron  microscopy  Indicated  that  the  AE  signals  wer^  produced 
by  the  nucleatlon  and  Incremental  growth  of  subsurface  cracks,  generally  penny-shaped,  1  *.s  a  dill- 
meter  In  size.  A  typical  fracture  toughness  value  for  such  cracks  In  an  embrittled  02  tooi  f\<;1  wu. 
calculated  to  be  about  19MNm-3/2.  AE  was  also  produced  In  as-received  AD33B  steel  by  Indentation  fatique 
The  method  suggests  Itself  for  materials  studies  of  AE  as  well  as  a  nondestructive  method  for  in  situ 
examination  of  structures  for  embrittlement. 


SUMMARY  DISCUSSION 


William  Pardee  Chairman  (Rockwell  Science  Center):  I  have  one  quick  question.  If  I  were  an 

exoerimenter  with  access  to  the  best  current  hardware  electronics,  what  experiment  would  you 
most  like  ?o  see  me  dof  Which  one  would  be  most  useful  In  terns  of  evolution  of  the  theory? 
What  is  the  most  useful  way  to  take  advantage  of  the  theoretical  developments? 


John  Simmons  (NBS) :  Multi-channel  source  characterization. 

William  Pardee,  Chairman:  What  frequency  range  do  you  think  Is  necessary? 

John  Simmons:  The  typical  range  for  that  is  about  between  50  kilohertz  and  a  megahertz. 


IN-FLIGHT  ACOUSTIC  EMISSION  RESEARCH 


John  M.  Carlyle 
Naval  Air  Development  Ctnter 
Warminster,  Pennsylvania  18974 


ABSTRACT 

The  detection  of  crack  growth  in  aircraft  structures  through  the  use  of  acoustic 
emission  techniques  has  been  demonstrated  to  be  feasible  in  recent  years.  Numerous 
problems  still  remain  to  be  overcome,  but  a  new  DARPA  program  will  address  the  most 
critical  areas  and  build  a  flyable  acoustic  emission  monitor  demonstrating  the  new 
technology.  A  history  of  the  field  and  a  program  overview  are  given. 

INTRODUCTION 


Stress  waves  which  result  when  a 
material  reacts  to  decrease  localized 
stress  concentrations  (caused  by  defects) 
are  termed  acoustic  emissions.  With 
suitable  electronic  instrumentation  it 
is  possible  to  locate  the  source  of  the 
emissions  and  to  predict  the  life  expec¬ 
tancy  of  the  part  which  is  emitting. 
Acoustic  emission  monitoring  is  especial¬ 
ly  attractive  for  large  structural  appli¬ 
cations  (such  as  nuclear  reactor  pressure 
vessels  and  highway  bridges)  since  minute 
inch  by  inch  inspection  is  not  necessary 
in  order  to  locate  flaws.  Furthermore, 
the  sensitivity  of  the  technique  often 
permits  the  existence  of  a  flaw  to  be 
positively  confirmed  before  it  is 
possible  to  do  so  using  visual  microscopy, 
ultrasonic,  or  electromagnetic  non¬ 
destructive  inspection. 

Recognizing  the  potential  of  acoustic 
emission  monitoring,  numerous  researchers 
have  devoted  effort  in  recent  years  toward 
developing  technology  that  would  allow 
aircraft  structures  to  be  monitored  with 
acoustic  emission  techniques  during  flight. 
The  rest  of  this  paper  will  outline  tnose 
projects  which  resulted  in  acoustic 
emission  data  being  gathered  during  flight, 
and  will  discuss  how  a  present  DARPA 
program  relates  to  these  projects  and  how 
it  is  designed  to  further  the  development 
of  the  technology  in  the  field  of  in¬ 
flight  acoustic  emission  monitoring 

PREVIOUS  IN-FLIGHT  AE  PROJECTS 

C-5A 

In-flight  acoustic  emission  research 
may  properly  be  said  to  have  started  with 
the  work  of  C.  D.  Bailey  at  Lockheed- 
Georgia  on  a  Lockheed  C-5A  transport  from 
1973  to  1975.  During  this  period  Bailey 
and  his  co-workers  defined  the  frequency 
regime  that  could  be  utilized  for  in¬ 
flight  acoustic  emission  monitoring  by 
utilizing  a  specially  designed  swept 
frequency  analyzer  that  monitored  9 
locations  on  the  wing,  empennage,  and 
landing  gear,  all  fabricated  from  7075-T6. 


This  study  resulted  in  the  general  con¬ 
clusion  that  for  a  6  dB  s i gn al -to-noi se 
ratio  the  AE  monitor  should  operate  at  a 
frequency  no  lower  than  500  kHz  for  most 
structural  locations  [Ref.  lj.  They  then 
set  about  determing  if  crack  AE  could  be 
detected  during  flight.  From  the  results 
of  their  noise  survey,  they  concluded  that 
it  was  feasible  to  build  a  monitor  that 
would  detect  unstable  crack  growth. 
Additional  studies  performed  with  a 
commercial  linear  locating  device 
operating  at  750  kHz  were  inconclusive 
insofar  as  detecting  stable  in-flight 
cracking  was  concerned.  Bailey  has 
privately  stated  that  he  believed  this 
was  due  to  EMI;  it  could  also  be  due  to 
insufficient  power  supply  filtering  and 
regulation  on  the  laboratory  style 
equipment  employed,  as  well  as  temperature 
sensitive  components  in  the  preamplifiers 
that  were  used  (which  caused  oscillations 
that  were  noted  in  Ref.  1). 

KC-1 35 

Building  on  the  experiences  of 
Bailey  et  al  ,  M.E.  Mizell  and  his 
colleagues  at  Tinker  Air  Force  Base 
designed,  in  1976,  a  custom  32  channel 
narrow-band  acoustic  emission  system 
operating  at  250  kHz  to  monitor  the  lower 
center  wing  panels  of  a  Boeing  KC-1 35 
tanker.  These  panels,  made  from  7178-T6, 
are  brittle  and  tend  to  fracture  completely 
under  flight  loads,  producing  cracks  up 
to  7  inches  long.  Taking  complete  advan- 
of  the  fact  that  only  large  unstable 
cracking  was  required  to  be  detected, 

Mizell  set  tire  triggering  parameters  of 
his  monitor  so  that  only  an  AE  burst  with 
a  frequency  content  of  between  200  to 
300  kHz  and  a  duration  of  at  least  576  pS 
would  produce  an  output  [Ref.  2]. 

Although  these  settings  (and  other  aspects 
of  the  monitor  design  such  as  transducer/ 
cable  impedance  matching  transformers  and 
transducer  temperature  compensators) 
rejected  EMI  arising  from  the  operating 
aircraft  and  also  eliminated  benign 
structural  acoustic  noise  and  noise 
caused  by  feedback,  the  sensitivity  of 
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the  acoustic  emission  monitor  was  compromised  to 
the  point  that  incremental  crack  growth  of  less 
than  5  cm  was  undetectable.  Nevertheless,  the 
monitor  fulfilled  its  objective  of  sensing  com¬ 
plete  panel  failure  during  flight,  and  it  is 
now  being  installed  routinely  on  Air  Force 
KC-135's. 

CF-100 

In  ’GTS  S.  L.  McBride  of  the  Royal  Military 
College  of  Canada  started  a  program  to  detect 
stable  crack  growth  in  the  forward  wing  trunnion 
of  the  North  American  CF-100  fighter.  Departing 
from  previous  work,  McBride  utilized  a  single 
channel  system  that  recorded  the  acoustic 
emission  waveform  via  a  transient  recorder  between 
the  frequency  limits  of  0.1  to  1.0  MHz.  The 
physical  situation  was  advantageous  in  that  the 
7075-T6  port  wing  trunnion  contained  a  3  mm  long 
crack  that  was  known  to  grow  at  an  average  rate 
of  5  um/flying  hour.  Although  it  was  discovered 
that  amplitude  discrimination  was  not  sufficient 
to  separate  structural  noise  from  crack  noise, 
McBride  was  able  to  successfully  use  frequency 
spectral  data  to  distinguish  crack  AE  from  other 
noises.  Based  on  a  comparison  with  laboratory 
data  he  reported  detecting  during  flight  an 
acoustic  emission  signal  resulting  from  a  crack 
advance  which  generated  1  mm2  of  new  fracture 
surface  [Ref,  3].  The  disadvantage  of  this 
program  was  that  the  system  design  required 
processing  thousands  of  noise  signals  for  every 
genuine  acoustic  emission  crack  signal  and  that 
its  sensitivity  level  for  stable  crack  detection 
was  rather  low  (a  factor  of  100  less  sensitive 
chan  laboratory  rystems  at  RMC). 

MB  326 

The  mo?  recent  in-flight  acoustic  emission 
work  was  pei  cmed  by  P.  H.  Hutton  and  his 
colleagues  at  Battelle  PNL  in  1979  on  the  wing 
center  section  tension  member  of  a  Macchi  MB  326 
trainer  operated  by  the  Royal  Australian  Air  Force. 
This  class  of  aircraft  has  a  well-characterized 
history  of  fatigue  cracking  originating  from  two 
specific  holes  in  the  4340  tension  member,  and 
periodic  inspections  (100  flight  hour  intervals) 
are  made  with  ultrasonic  and/or  magnetic  rubber 
nondestructive  testing  techniques  to  track  the 
growth  of  ihe  cracks,  Battelle  designed  a  2 
channel  coincidence  detector  which  utilized 
especially  fabricated  400  kHz  resonant  trans¬ 
ducers  and  band-limited  preamplifiers  along  with 
special  power  supply  filtration  and  regulation 
to  monitor  a  specific  bolt  hole  containing 
several  cracks  having  a  total  surface  length  of 
7  mn,  the  longest  of  which  was  2.3  mm.  Analysis 
of  the  AE  data  has  indicated  that  the  worst  type 
of  flight,  from  a  cracking  stand  point  (as 
revealed  by  AE  in  this  study)  is  low  level  flying, 
followed  by  acrobatics  -  presumably  this  is 
because  of  the  increased  wing  flexure  and  impulsive 
loading  produced  by  low  level  flight  conditions 
[Ref.  4].  Crack  growth  has  been  found  to  be 
linear  with  the  number  of  acoustic  emissions 
emitted  from  the  bolt  hole  area  (an  average  of 
0.16  urn  of  surface  length/AE  event)  and  benign 
noise  such  as  EMI  and  structural  vibrations  have 


not  proved  to  be  a  problem,  as  evidenced  by  a 
drastic  reduction  in  AE  counts  (from  an  average 
of  50/hour  to  0/hour)  when  the  accept  zone  was 
electronically  shifted  to  an  area  with  no  bolt 
hole  [Ref.  5],  The  recognized  weakness  of  this 
program  is  that  there  is  no  protection  against 
accepting  fastener  noise  arising  from  inside  the 
accept  zone  of  the  monitor.  Thus  it  is  con¬ 
ceivable  that  the  conclusions  described  above  are 
fallacious,  resulting  from  the  fortuitous 
behavior  of  the  bolt  moving  in  the  hole. 

DARPA  IN-FLIGHT  AE  PROGRAM 

The  conclusions  which  can  be  drawn  from 
previous  in-flight  acoustic  emission  programs  are: 

(1)  Continuous  in-flight  acoustic  emission 
monitoring  is  more  desirable  than  periodic  proof¬ 
load  monitoring  for  detecting  sub-critical  cracr. 
growth,  as  evidenced  by  the  acoustic  emission  data 
gathered  during  low  level  flight  conditions  and 
during  acrobatic  maneuvers  with  the  Macchi  MB  326. 

(2)  Frequency  limits  for  triggering  in¬ 
flight  monitoring  systems  must  be  higher  than  the 
100  kHz  range  generally  used  in  laboratory  environ¬ 
ments  and  care  must  be  taken  in  the  system  design 
to  guard  against  EMI  and  the  effects  of  temperature 
and  altitude  on  the  performance  of  the  monitoring 
system. 

(3)  Some  form  of  spatial  discrimination  must 
be  employed  to  limit  the  acceptance  of  signals  to 
only  those  arising  from  a  specific  area  of  interest. 
This  allows  not  only  for  better  noise  rejection, 
but  also  permits  the  use  of  a  hiyher  sensitivity 

to  detect  smaller  crack  growth  increments. 

(4)  Techniques  need  to  be  developed  to 
positively  distinguish  between  acoustic  emissions 
generated  by  crack  processes  and  those  emissions 
created  near  the  crack  by  benign  structural 
phenomena  such  as  fastener  fretting. 

Recently,  a  DARPA  program  has  been  instituted 
which  will  address  the  technology  development  need 
described  in  (4)  above.  The  program  is  planned  to 
consist  of  three  phases,  the  first  of  which  will 
utilize  a  selected  advanced  transducer  concept 
(such  as  fiber  optics,  composite  piezoelectric, 

FET,  EM/'.T ,  PVF,  etc)  as  well  as  a  broad-band 
conventional  PZT  transducer  to  acquire  waveform 
data  between  the  limits  of  100  kHz  and  2.0  MHz 
from  fatigue  cracks  and  various  noise  sources 
(including  EMI,  fretting  bolts,  and  hydraulic 
systems)  in  2024-T851  and  7075-7651  aluminum 
undergoing  cyclic  loading.  Following  the  ideas 
of  Doctor,  Harrington  and  Hutton,  features  will  be 
extracted  from  the  data  set  and  an  algorithm 
will  be  developed  to  classify  the  waveform  as 
either  crack  AE  or  noise  [Ref.  6).  Figure  1 
demonstrates  one  of  the  concepts  which  will  be 
investigated.  Phase  2  will  consist  of  fabricating 
a  prototype  airborne  acoustic  emission  monitoring 
system  that  incorporates  these  new  signal  discrim¬ 
ination  concepts,  as  well  as  techniques  proven 
effective  by  previous  experimenters.  The  final 
phase  will  be  composed  of  a  flight  test  of  the 
new  monitor. 
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Fig,  1  Result,  of  a  pattern  recognition  study  on 
separating  crack  AE  from  noise.  Five  features 
were  used  in  a  least  squares  decision  rule;  the 
success  rate  was  89%  for  the  AE  and  92%  for  the 
noise.  (After  Doctor,  etal ,  Ref  6) 
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SUMMARY  DISCUSSION 


William  Pardee,  Chairman  (Rockwell  Science  Center):  Are  there  questions? 

John  Carlyle  (Navel  Air  Development  Center):  This  Is  one  problem  when  you're  talking  about  the 

reproducible  sources  of  acoustic  emission  (Inaudible),  but  the  pictures  of  the  crack  you  showed 
were  complicated  and  different. 

John  Simmons  (NSF):  That's  right. 

John  Carlyle:  How  would  they  generate  the  same  (Inaudible) 

John  Simmons:  Simply  put:  We  are  not  sure.  Anyone  who  has  done  indentation  studies  In  glass,  for 

example,  knows  that  when  you  take  the  Indenter  out,  you  get  crack  propagation  in  all  kinds  of 
directions  that  are  due  to  the  release  of  the  residual  stresses.  We  cannot  say  during  what 
part  of  the  process  these  Initiative  events  took  place,  but  we  are  aware  of  that  fact.  We  are 
also  aware  of  the  fact  that  a  lot  of  these  cracks  are  turning.  Many  of  them,  however,  tend  to 
have  what  appears  to  be  a  rather  constant  direction.  But  the  answer  really  Is:  we  don't  know; 
our  goal  here  was  to  show  that,  In  fact,  you  could  get  reproducible  acoustic  emission  events 
from  real  materials.  As  with  any  exprlment,  you  often  times  get  more  unanswered  questions  than 
you  produce  answers.  And  that's  certainly.  In  our  mind,  an  Important  unanswered  question. 

Wolfgang  Sachse  (Cornell  University):  How  do  you  know  the  signals  do  not  come  from  the  Indenter? 

John  Simmons:  We  tried  a  number  of  experiments  using  different  loading  apparatuses  and  different 

indenters,  and  you  can  use  materials  that  don't  emit,  and  It's  absolutely  silent.  So  we  tried 
all  of  what  you  would  call  the  standard  hygienic  practices  to  make  sure  that  the  emissions  did 
not  come  from  the  Indenter.  Actually,  a  much  .more  subtle  problem  is,  in  fact,  a  problem  of 
friction,  and  this  Is  really  very  similar  to  John  Carlyle's  point.  If  you  lay  the  plate  under 
the  indenter,  the  fact  that  the  indenter  swings  down  a  lever  arm  puts  a  slight  horizontal 
component  Into  the  force  and,  remarkably  enough,  sometimes  one  block  will  slip  against  the 
place  where  It's  resting.  You  can  get  signals  that  look  almost  Identical  with  standard 
acoustic  emission  signals.  And  that's,  we  find,  another  very  disconcerting  point.  This  Is 
easily  stopable,  once  you  know  it's  there,  but  this  ability  to  distinguish  between  frictional 
events  and  actual  emission  events  is  an  unanswered  question. 

Mike  Gardos  (Hughes):  As  a  lubrication  technologist,  1  am  delighted  that  you  have  problems  where  I  can 
help  you. 

John  Simmons:  Actually,  we  use  sticky  tape  to  stop  It;  we  don't  lubricate. 

Mike  Gardos:  Yes,  close  enough.  MayDe  100  angstroms  of  mol lysul fide  that  you  can  spot  on  the  surface 
would  help  you.  The  other  thing  I  would  like  to  mention,  I  have  seen  a  lot  of  new  Indentation 
studies,  and  I'm  wondering  why  didn't  you  use  something  that's  a  little  more  symmetrical  like 
the  Brinnel  probe,  for  example.  If  you  load  a  ball  against  a  glass  plate,  depending  on  the 
load  and,  of  course,  the  state  of  the  glass,  you  get  the  hertzian  cone-cracking  phenomena, 
which  just  happens  to  be  a  very  nice,  symmetrical  one.  If  your  loads  are  higher,  then  you  get 
not  only  the  circular  cracks,  but  also  the  radial  ones,  which  are  also  very  symmetrical.  So  I 
am  quite  curious:  why  wouldn't  you  use  something  which  Is  a  little  more  predictable? 

John  Simmons:  Rccause  you  need  the  stress  concentration  at  the  Indentation  tip.  In  fact,  a  couple  of 
days  before  I  left,  Roger  was  making  up  the  slide  of  these  400  reproducible  ones.  He  came  into 
me  one  evening,  and  he  said,  "John,  I'm  jinxed.  I  can't  get  the  thing  to  emit."  And  we  went 
back  and  we  checked  every  parameter,  and  we  couldn't  find  it.  And  finally,  I  looked  at  the 
Indenter  and  the  Indentation  -  and  it  had  just  the  tiniest,  microcrack  near  the  tip  of  the 
Indenter.  And  I  said,  "Roger,  I'll  bet  you  because  this  Is  very  strong  steel,  you  need  the 
tremendous  stress  concentration  at  the  tip  In  order  to  do  this.  Why  don't  you  put  a  new 
Indenter  In?" 

Mike  Gardos:  You  were  forced  to  use  the  nc  .ymmetrical. 

John  Simmons:  You  need  thi  stress  concentration. 

Mike  Gardos:  But  I'm  quite  serious  about  the  lubricant.  If  notning  else,  spray  a  little  teflon. 

Chris  Burger  (Iowa  State  University):  John,  could  you  just  run  through  your  indentation  fatigue?  How 
do  you  do  that  indentation  procedure?  You  put  the  load  on  and  take  It  off?  You  move  the  load 
compl  etely? 

John  Simmons:  Yes.  It's  not  very  sensitive  to  whether  you  remove  the  load  completely,  but  In  fact  we 
do.  If  you  look  at  the  apparatus,  the  thing  is  jacked  up  at  the  end.  So  essentially,  we  just 
take  the  Indenter  up  to  vhere  it  essentially  removes  all  the  load,  and  then  we  drop  It  back 
In.  And  we  keep  doing  this.  And  this  almost  certainly  builds  up  very  strong  residual  stress 
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zones.  I  believe  It's  from  that  strong  residual  stress  zone  that  the  cracks  tend  to  be 
nucleated. 

William  Pardee,  Chairman:  Thank  you,  John 
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ABSTRACT 

The  results  presented  here  are  part  of  a  study  of  the  interaction  between  an  electro-mechanical 
transducer  plate  element  and  wavelengths  in  the  test  structure  that  are  comparable  to  the  plate  dimen¬ 
sions.  The  steady  time-harmcnic  problem  is  reduced  to  a  system  of  singular  integral  equations  for  de¬ 
termining  the  tractions  generated  at  the  interface  between  the  plate  and  half-space  where  a  thin  viscous 
couplant  is  applied.  This  system  is  solved  numerically  for  various  values  of  couplant  viscosity  and 
incident  wavelength.  Graphical  results  for  interface  tractions  and  reflected  power  are  presented. 

INTRODUCTION 


We  are  interested  in  the  interaction  between 
electro-mechanical  transducers  and  the  elastic 
waves  in  a  test  medium  in  cases  when  the  wave¬ 
lengths  are  comparable  to  the  dimension?  of  the 
transducer  and  the  propagation  vector  is  not  normal 
to  the  interface.  The  ultimate  goal  of  this  NSF 
funded  project  at  Berkeley  is  to  predict  what 
mechanical  disturbance  is  input  to  the  transducer 
from  the  electrical  output  signal.  As  a  first  step 
we  will  try  to  predict  the  electrical  output  given 
the  mechanical  input.  Under  the  conditions  of  in¬ 
terest  the  mechanical  loading  is  not  spatially 
uniform  over  the  contact  face  of  the  transducer. 

We  will  therefore  need  a  plate  theory  for  the 
piezoelectric  element  with  electroded  surfaces 
which  can  accommodate  the  kinds  of  mechanical  and 
electrical  boundary  conditions  that  are  appropriate 
to  the  transducer  design  and  mounting  and  the 
electrical  circuitry  to  which  it  is  connected. 

Such  a  plate  theory  has  been  derived  in  Bugdayci 
and  Bogy  [lj. 

The  work  presented  hare  is  also  only  a  pre¬ 
liminary  part  of  this  project,  but  here  we  focus  on 
the  purely  mechanical  problem  of  determining  the 
interaction  of  an  elastic  plate  with  a  half-space. 
Specifically,  we  seek  to  understand  the  stresses 
generated  between  the  half-space  and  plate  when  a 
surface  wave  impinges  on  the  plate  that  is  attached 
through  a  viscous  couplant.  The  dependence  of 
these  interface  stresses  on  couplant  viscosity  and 
the  incident  wavelength  are  the  primary  concern. 

We  also  calculate  the  power  of  the  reflected  and 
transmitted  surface  waves  as  a  function  of  these 
parameters  since  these  quantities  can  be  compared 
with  experiments.  The  results  summarized  here  are 
derived  in  complete  detail  in  Angel  [2]  and  Angel 
and  Bogy  [3]. 

PROBLEM  FORMULATION  ANT  REDUCTION  TO  INTEGRAL 
EQUATIONS 

Figure  1  depicts  the  plane  strain  problem  of  a 
surface  wave  impinging  on  an  elastic  plate  that  is 
in  contact  through  a  viscous  couplant  with  the 
half-space.  All  the  physical  parameters  of  the 
problem  are  shown. 
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Fig.  1  Geometry,  material  properties  and  co¬ 
ordinates  for  half-space,  plate  and 
couplant.  Plate  and  half-space  are  in 
contact  over  |x^|  <  b,  i.e.,  couplant 

thickness  is  neglected. 

The  problem  is  easier  to  formulate  when  con¬ 
sidering  the  plate  as  a  3-dimensional  continuum. 
Then,  in  the  reduction  to  a  2-dimensional  plate 
theory  all  the  required  boundary  conditions  and 
interior  loading  will  be  incorporated.  The  con¬ 
ditions  on  the  plate  are 

a22^xl’  ?'  ^  =  a2i<xi'  =  °>  lxil  *  b» 

all(b,x2,t)  =  a12^b,x2,t^  =  °]i(-b>*2’t) 

■  ojgl-b.x^.t)  =  0,  | 1  <  |,  (1) 

-  022(x^,  -  |,t)  «  t2(x},t), 

-  *T21^x1*  -  ^*t)  -  tj(x^,t), 

in  which  t-j(xj.t)  and  t2(x-j,t.)  represent  the  com¬ 
ponents  of  the  traction  vector  applied  to  the 
bottom  surface  of  the  plate. 


The  half-space  is  assumed  to  be  traction  free 
on  the  boundary  outside  the  contact  region.  So 
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the  half-space  boundary  conditions  are 


Coo (x,  ,0,t)  =  { 


0,  |x1 1  >  b 
-tg  ( Xi ,  t ) ,  |  x-|  |  x  b 


dpi  ( x,  ,0,t)  =  { 


0,|x,|  >  b 

{  1 

-t,  (x,,t),  |x,  I  <  b 


The  adhesive  bond  conditions  between  the  plate  and 
half-space  are  expressed  as 


U2^X1 s  “u2^xi »  "  2*^^ * 

°21  (X1  *0* t)  -  K[u1(x1,0,t)-u1(Xi>  -  2>t)]i 

ti  (x-j  ,t)  -  -t,  (x,  ,t),  tgix^  ,t)  -  tg(Xi  ,t), 


We  assume  an  incident  Rayleigh  wave  with  e’  “ 
time  dependence  traveling  in  the  half-space  in  the 
x-|-direction  is  scattered  by  the  plate.  Therefore 

the  displacement  and  stress  fields  in  the  half¬ 
space  are  decomposed  into  their  incident  and 
scattered  parts  as 

»  -  „<'>  *  u<S>,  „  .  „<<>  .  „<S)  ,  (,) 

u  a  a  a&  aB  <x3 

in  which  u^  and  a^V  are  prescribed  by  the  in- 

Ct  ftp 

cident  Rayleigh  wave. 

The  scattered  fields  in  the  half-space  can  be 
obtained  from  Lamb's  [4]  solution.  A  complete  and 
thorough  re-derivation  of  this  solution  is  carried 
out  in  Angel  [2]  in  order  to  arrive  at  a  form  that 
is  suitable  for  our  computations.  It  is  convenient 
to  decompose  the  problem  into  its  physically  sym¬ 
metric  and  antisymmetric  parts  with  respect  to 

and  to  denote  them  respectively  by  superscripts  "S" 
and  "A".  In  time-reduced  form  the  scattered  dis¬ 
placements  on  the  boundary  of  the  half-space  can 
be  expressed  as 


U 

UIS)V°>=  |  GaB(xTe)tB(e> 


U 

u-j S (x-j )  —  f  G^S(x-j  >5)t-jS(?)  dc 
0 

.1  „  *«* 

u2S(xi)  =  f  G2^xi>?)t6S(?)  d5 

(6) 

u]A(x')  =  |  G]A(x',?)t]A(0  dC 

u^A(xp  =  |b  G^(x},C)t£A(?)  d? 

S  A 

in  which  G.j  ,  G.j  are  the  symmetric  and  antisym¬ 
metric  Green's  functions  for  the  plate  extension 
S  A 

and  G^g.  G2g  are  those  for  plate  bending. 

The  integral  equations  determining  the  inter¬ 
face  tractions  result  from  use  of  (5),  (6)  together 
with  the  appropriate  form  for  the  incident  Rayleigh 
wave  in  (l)-(4)  and  they  appear  in  dimensionless 
form,  after  appropriate  differentiations  and  in¬ 
tegrations,  as  follows 


fX  _L  fl  V  _L 

to  j  t1  (C)dC  +  J  G11(x,C)t1(5)dC 

1  fl  v  |  ~L 
+  k  1  G‘L(x,C)t.|(?)d5 

**0 


,1  v  S 


+  G12(x,C)t2(5)dC  =  f,(x) 


2  ~L 

- S-2“  t,(x) 

2(l-e  )  ' 


2tt ( 1  -e  ) 


2i  e 


i  r1A  i  ~L 

k  J  G^tx.ot^Od? 


\  w  .  .  “ .  . 

—  d?  +  k21  (x-eJt,  (e)dc 


xi ,0)  =  fso8(xre)tJ(e)  d5 


in  which  G^gfx^S)  are  the  surface  displacement 
Green's  functions  of  Lamb's  solution. 

After  reducing  the  problem  in  (1)  to  its 
corresponding  plate  theory  formulation  and  decom¬ 
posing  into  plate  extension  and  bending,  we  obtain 
the  solutions  in  the  form 


+  sgn(x-£)K22(x-5)t2(e)d£ 


i  fl  A  ,  „L  ~L 

+  k'1  G^(x,5)t2(C)d£  =  -f2(x), 

■'0 

fl  v  _S  fl  V  _s 

j  +  J  G22(i,?)t2(t)de 


-1  fl  V  s 

+  k  1  G^|(i,e)t2(e)d€  =  f3 


in  which  superscript  "V"  denotes  integration  from 
-1  to  x,  "A"  denotes  differentiation,  and  K22 

are  defined  by 


A  ,  _ 

G22(x)  - - 5—  +  sgn(x)K22(x) 

'  ^  2tt(1-e  )x 

A  2 

G,,(x)  = - — o-  6(x)  +  K1?(x) 

12  2(l-e2)  12 


(8) 


and  where 

a  =  u/uxb,  e2  =  ( l-2a)/2( 1 -a),  k  =  y'/p  •  (9) 


The  symbol  6(x)  in  (8)  is  used  to  formally  denote 
the  Dirac  delta  function.  The  functions  f^(x)  and 
f2  stem  from  the  incident  Rayleigh  wave  ana  are 
defined  by 

~S  ~ 

f  1  (x)  =  (iuo/sR)[cos(s'Rx)-cos(sR)], 

~S 

f 2 ( x )  =  -  iu0sRiJ(nR)sin{sRx)  , 

(10) 

~A  _ 

f  1  ( x)  =  -  (uQ/sR)[sin(sRx)  +  sin(sR)], 

~A 

f2(x)  =  -  uQsRP(nR)cos(sRx). 

f3  =  -  2i(uo/sR)P(nR)sin  lR. 

in  which  sR  and  uQ  are  the  dimensionless  Rayleigh 
slowness  and  amplitude 


sR  =  2ti/Xr  =  uibsR1  uQ  =  uQ/b  (11) 

and 


P(nR)  =  (2/(l-e2nR) (l-nR)  +  r^-2)/nRi^-nf  (12) 

2  2 
where  nR  is  the  real  root  in  0  <  n  <  1  of  the 

Rayleigh  equation 

n6-8n4  +  ( 24-1 6e2)n2-16(l -e2)  =  0  .  (13) 

ANALYSIS  AND  NUMERICAL  TREATMENT  OF  INTEGRAL 
EQUATIONS 

The  system  of  integral  equations  is  singular 
and  of  the  first  or  second  kind  depending  on 
a  and  e.  The  methods  of  Muskhel i shvi 1 i  [5]  are 
used  to  determine  the  types  of  singularities  in¬ 
herent  in  the  solution.  This  also  depends  on  the 
two  parameters  a  and  c,  which  are  defined  in  (9). 
Four  possibilities  arise  for  the  analytical  form 
of  the  shear  and  normal  interface  tractions 
_L  ^L 

t-|(x)  and  t2(x).  These  are  summarized  below: 


Case  1:  0  <  a  <  <■>,  0  <  e  <  1//T  (viscous 

coupling) 

_L 

t^(x)  is  bounded 
_L 

t,(x)  has  a  square  root  singularity  at 

2  |x|  -  1  . 

Case  2:  a  ■*  ®,  0  <  e  <  1//T  (smooth  contact) 


-L 

t,(x)  =  0 
^L 

t,(x)  has  a  square  root  singularity  at 
2  |x|  -  1  . 

Case  3:  a  =  0,  e  =  0  (welded  contact,  in¬ 
compressible  half-space) 

~L  ~L 

both  t.|(x)  and  t2(x)  have  square  root 
singularities  at  |x|  =  1  . 

Case  4:  a  =  0,  0  <  e  <  1//T  (welded  contact, 
compressible  half-space) 

~L  _L 

both  t^x)  and  t2(x)  have  oscillatory 
square  root  singularities  at  |x|  =  1  . 


We  are  concerned  here  with  Case  1  for  which 

_L 

the  analysis  reveals  that  the  functions  t.(x)  and 
_L 

t2(x)  have  the  forms 


~L  _L  L  9  h  L 

t-|(x)  =  t.j (1  )e  (x)  +  ( 1  -x  )  4>}(x), 

04) 

J-  4>o(x) 

tn(x)  =  ■  >  L  =  8, A 

2  O-x2)'5 

where 

f  x  ,  if  L  =  S 


\  1  ,  if  L  =  A 
L  L 

in  which  <P1  ( x)  and  <p2(x)  are  bounded  functions. 


The  numerical  methods  in  Erdogan  and  Gupta 
[6]  are  used  to  replace  the  system  of  integral 

~L  ~L 

equations  for  t^x),  t2(x)  by  an  algebraic  system 

L  L 

for  the  bounded  functions  ( Ck) ,  ^(n^)  and  the 

value  t-|(l)  in  which  and  nk>  k  =•  1,2,. ..,n  are 

interpolation  points  defined  as  roots  of  Chebychev 
polynomials  and  are  given  by  the  expressions 
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06) 


1  .  s 


.  /  irk,  _  ...  r ( 2k- 1  )tt 
cos  nk  =  cos  [A — — 


2n 

1,2,  ...  ,  n  • 


In  order  to  solve  this  complex  linear  system, 
we  decompose  all  complex  functions  into  real  and 
imaginary  parts  denoted  by  superscripts  "R"  and 
"I"  and  obtain  a  real  linear  system  that  is  twice 
as  large.  The  system  was  solved  numerically  for 
the  real  quantities 


LR  LI  LR  LI 

<t>l  Uk),  4^  (r.k),  $2  (nk)>  $2  ^nk^’ 


LR  LI 

VU,  h  0)  • 

for  L  =  S  and  A,  i.e.,  for  the  symmetric  and  anti¬ 
symmetric  parts  of  the  problem. 

NUMERICAL  RESULTS  AND  DISCUSSION 


The  parameter  values  for  the  numerical  results 
are 


a  =  0.25,  a'  =  0.25,  k  =  2,  p'/p  =  0.5, 

k*  =  k//Tp  =  (0.01,0.1,1,10).  h  =  h/b  =  0.2, 

u  =  1 ,  2/\0  =  (0.1  through  1.4),  (17) 

0  K 

SR  *  SR 

Figures  2  and  3  show  <t>-|  (x)/k  and  ^  (x)  for  three 

* 

values  of  the  dimensionless  viscosity  parameter  k. 
Similar  results  were  obtained  for  the  other 
functions. 

Since  these  functions  contribute  directly  to 
the  interface  shear  and  normal  stress,  we  can  con¬ 
clude  that  the  magnitude  and  functional  form  of 
these  quantities  depend  strongly  on  the  viscosity. 
As  would  be  expected,  it  also  is  strongly  dependent 
on  the  incident  wavelength. 

We  have  also  calculated  the  reflected  and 
transmitted  power  as  a  function  of  the  incident 
wavelength  for  different  values  of  the  couplant 
viscosity.  Figure  4  shows  the  reflected  power 
curves. 

The  resonance  and  anti-resonance  pattern  de¬ 
pends  strongly  on  k* .  We  note  that  for  the  low 
viscosity  cases,  k*  =  0.01,  0.1,  resonances  occur 
near  2b/ XD  =  C.25,  0.75  and  1.25  whereas  for  the 
K  * 

high  viscosity  cases,  k  =  1,  10,  they  occur  closer 
to  2b/AR  =0.5  and  1 .0. 

In  an  attempt  to  compare  our  results  with 
those  of  Simons  [7],  who  studied  the  same  problem 
Jor  an  extensible  membrane  welded  to  a  half-space, 
we  took  h/b  =  0.01  and  k*  =  100.  The  reflected 
power  curve  showed  similar  resonances  and  anti¬ 
resonances  and  the  actual  values  were  as  close  as 
could  be  expected  given  the  difference  in  the  two 
models  and  in  the  parameters. 


Fig.  2  Symmetric  real  part  of  interface  shear 
stress  function  defined  in  Eq.  (14)  for 
parameter  values  o  =  o'  =  0.25,  p'/p  -  2, 
p‘/p  =  0.5,  h/b  =  0.2,  uQ/b  =  1 , 

2b/AR  =  0.7  and  k*  =  (0.01 ,  1,  100), 

SR  * 

[t,  (1 )/k  =  -0.02354,  -0.3703,  -1.537]. 
SUMMARY 


We  have  considered  the  problem  of  interaction 
of  elastic  surface  waves  in  a  half-space  with  an 
elastic  plate  attached  through  a  viscous  couplant. 
The  interface  tractions  transmitted  between  the 
plate  and  half-space  are  strongly  dependent  on 
the  couplant  viscosity  and  incident  wavelength. 

The  results  obtained  are  preliminary  to  the  pre¬ 
diction  of  piezoelectric  transducer  output  and  its 
dependence  on  wavelength  (or  frequency)  and 
couplant  viscosity. 
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Fig.  4  Power  of  reflected  surface  wave  versus  in¬ 
cident  wave  number  for  parameter  values 
a  =  o'  =  0.25,  y'/y  =  2,  p'/p  =  0.5, 
h/b  =  0.2,  u./b  =  1  and  k*  =  (0.01,  0.1, 

1.  10).  0 
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Fig.  3  Symmetric  real  part  of  interface  normal 
stress  function  defined  in  Eq.  (14)  for 
parameter  values  a  -  o'  =  0.25, 
u'/y  =  2,  p'/p  =  0.5,  h/b  =0.2, 
uQ/b  =  1,  2b/XR  =0.7  and  k  =  (0.01,  1, 

100). 
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SUMMARY  DISCUSSION 


Mr.  Kinsley  (Cincinnati):  I  wonder  if  you  have  looked  at  the  dispersive  affect  of  the  coupling  betwetn 
the  half  space  and  plate.  What  happens  as  your  B  gets  very  large?  What  happens  to  the 
singularity  at  the  ends  of  the  plate? 

David  Bogy  (University  of  California,  Berkeley):  Let  me  consider  the  second  question  first.  You  can 
solve  the  problem.  Nothing  happens  to  the  singularity.  One  could  surmise  the  results  by 
looking  at  this  last  curve  here  which  Is  radiated  power  as  a  function  of  2B  over  XR.  If  B  gets 
very  large,  you  approach  the  results  for  an  Infinite  plate,  which  Is  what  this  result  must  be 
asymtotic  to.  So  I  think  the  width  of  B  really  does  not  matter  In  the  singularity  calcula¬ 
tion.  If  B  gets  large,  that  means  the  wavelength  Is  getting  relatively  small.  That  means  I 
will  have  a  lot  of  oscillation  under  ny  plate.  And  that  means  I  have  to  take  a  lot  more 
Interpolation  points  In  the  numerical  scheme,  and  that  costs  more  money.  With  regards  to  your 
first  question,  I  have  not  considered  the  dispersion  effects  of  viscosity,  I  have  not  looked 
into  that,  and  I'm  not  quite  sure  I  understand  what  dispersion  effect  you’re  talking  about. 

William  Pardee,  Chairman  (Science  Center):  I  think  further  questions  should  be  reserved  for  private 
discussion.  Thank  you,  David. 


'.Him#** 
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ABSTRACT 

This  paper  presents  theoretical  and  experimental  results  on  the  problem  of  bounded  acoustic  beam 
reflection  at  the  Rayleigh  angle  from  a  fluid-solid  interface  which  is  loaded  by  a  thin  solid  layer.  The 
theoretical  development  exploits  the  framework  of  existing  theory  to  yield  a  simple,  analytic  model  which 
is  reasonably  accurate  for  thin  layers.  It  is  shown  that  the  influence  of  the  layer  is  contained  entirely 
in  the  dispersive  Rayleigh  wavespeed  and  the  thickness-dependent  displacement  parameter  As.  Measurements 
of  the  reflected  acoustic  field  amplitude  have  been  performed  on  several  samples  of  stainless  steel 
loaded  with  a  thin  copper  layer.  We  have  found  reasonably  good  agreement  between  the  theoretical  model 
calculations  and  experimental  measurements  for  ratios  of  the  layer  thickness  to  the  Rayleigh  wavelength  as 
large  as  0.3.  Beyond  this  value,  some  disparity  is  observed,  particularly  in  the  calculation  of  the 
thickness-dependent  Rayleigh  wavespeed. 


INTRODUCTION 

The  energy  redistribution  that  occurs  when  a 
bounded  acoustic  beam  is  reflected  from  a  fluid- 
solid  interface  has  been  the  subject  of  many  ana¬ 
lytical  and  experimental  investigations.  Following 
the  discovery  of  analogous  effects  in  optics  by 
Goos  and  Hanchen  [1],  Schoch  predicted  (2) — and 
later  experimentally  verified  [31 — the  beam-dis¬ 
placement  effect  for  an  acoustic  beam  incident  on  a 
liquid-solid  interface .  According  to  Schoch 1 s 
predictions,  the  beam  is  nonspecularly  reflected 
since  it  is  laterally  displaced  while  retaining, 
more  or  less,  its  original  profile.  In  contrast  to 
these  predictions,  many  experiments  [4-71  have 
revealed  that  the  reflected  beam  may  also  suffer 
severe  distortion  if  it  is  incident  at,  or  near, 
the  Rayleigh  angle.  Physically  what  occurs  is  the 
resonant  transfer  of  acoustic  energy  from  a  longi¬ 
tudinal  wave  in  the  liquid  to  a  pseudo-Rayleigh 
wave  propagating  along  the  liquid-solid  interface. 
As  it  propagates,  the  Rayleigh  wave  re-radiates 
into  the  liquid  at  the  Rayleigh  angle  because  of 
this  resonant  coupling.  The  result  is  a  redistri¬ 
bution  of  the  reflected  field  intensity  such  that  a 
sizable  fraction  of  the  acoustic  energy  seems 
linearly  displaced  along  the  interface.  This 
energy  redistribution  includes,  in  addition  to  the 
lateral  displacement,  a  null  region  and  a  trailing 
field  which  becomes  weaker  aB  it  extends  along  the 
Interface  away  from  the  incident  beam. 

Bertoni  and  Tamir  (8J  have  examined  the 
reflection  coefficient  for  angles  close  to  the 
Rayleigh  angle  and  constructed  a  model  which 
explains  these  distortion  phenomena.  Specifically, 
they  pointed  out  that  the  suitably  simplified 
reflection  coefficient  haa  a  singularity  which 
leads  to  solutions  corresponding  to  radiating 
(leaky)  Rayleigh  waves.  According  to  their  analy¬ 
sis,  the  distortion  is  the  result  of  interference 
between  the  geometrically  reflected  field  and  the 
field  of  a  leaky  Rayleigh  wave  created  by  the 
incident  beam  at  the  Rayleigh  angle.  Breazeale, 
Adler,  and  Scott  [9]  experimentally  verified  the 
Bertoni  and  Tamir  model,  while  Pits,  Plona,  and 


Mayer  [10]  have  recently  presented  theoretical 
results  for  the  case  of  a  finite  beam  incident  on  a 
solid  plate  in  a  liquid.  Their  results  show  that 
distortion  of  the  reflected  beam  at  the  Lamb  angle 
can  ?lso  occur. 

This  paper  Investigates  theoretically  and 
experimentally,  the  influence  of  a  thin  layer 
bonded  to  a  solid  upon  the  shift  and  distortion  of 
the  reflected  beam.  This  problem  differs  from  the 
no-layer  case  in  that  the  reflection  coefficient 
is  not  readily  available  in  closed  form,  and  there¬ 
fore  must  be  derived.  The  results  of  this  analysis 
reveal  new  phenomena  that  occur  in  the  presence  of 
the  layer.  Both  the  Rayleigh  wavespeed  and  the 
parameter  associated  with  the  energy  redistribution 
are  frequency  dependent  in  the  layer  case.  These 
two  new  effects,  in  turn,  influence  the  lateral 
displacement  and  distortion  of  the  reflected  beam. 

THEORY 

Formulation  of  the  Problem 

Consider  a  thin  elastic  layer  of  thickness  2h 
in  welded  contact  with  a  solid  elastic 
half-space  of  different  material.  Overlying  this 
structure  is  a  fluid  (water)  half-space  as  shown 
in  Fig.  1.  A  coordinate  system  in  chosen  with  the 
origin  located  at  the  center  of  the  layer  and  with 
the  positive  z-axis  pointing  downward  into  the 
semi-infinite  solid.  The  layer  extends  from 
-h  <  z  <  h,  with  the  solid  half-space  extending 
from  z  =  +h  to  »  and  the  fluid  extending  from 
z  “  -h  to  -®>.  In  our  subsequent  analysis  we  shall 
identify  the  field  variables  and  properties  of  the 
layer,  fluid,  and  solid  substrate  with  the  sub¬ 
scripts  o,  f,  and  s,  respectively.  The  fluid 
medium  is  subjected  to  a  time-harmonic,  bounded 
acoustic  beam  incident  onto  the  fluid-solid  inter¬ 
face  at  an  angle  with  respect  to  the  surface 
normal.  To  reduce  the  analysis  to  two  dimensions, 
we  assume  that  no  acoustic  wave,  incident  or 
reflected,  has  a  y- dependence.  Alternatively,  all 
particle  motion  is  confined  to  the  x-z  plane. 
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To  study  the  behavior  of  the  reflected  beam, 
one  must  solve  the  appropriate  field  equations  in 
each  of  the  three  media  (liquid,  layer,  and  sub¬ 
strate)  ,  incorporating  the  appropriate  continuity 
conditions.  Formal  solutions  are  obtained  by 
introducing  the  potential  functions  $  and  iJj  for 


O 

xz 


_  aft 

3x:  3z2 


]  • 


(4) 


where  u  and  w  are  displacements  parallel  to  the  x 
and  z  axes,  respectively.  The  terms  X  and  p  are 
the  familiar  Lame'  constants  and  <JZ  and  axz  are  the 
normal  and  shear  stresses,  respectively.  The  dot 
above  a  variable,  such  as  u,  denotes  differentia¬ 
tion  with  respect  to  time.  Since  the  fluid  cannot 
support  a  shear  wave,  the  shear  potential  <|)  lc 
identically  zero  in  this  medium.  In  the  two  solid 
media  1J1  has  only  a  single  nonvanishing  component 
because  particle  motion  Is  restricted  to  the  plane 
of  incidence. 


The  wave  potentials  if  and  i|i  satisfy  separate 
wave  equations  for  linear,  isotropic  media,  namely 


+  Ifi  „  -L. 

3x2  3z2  c  2  3t2 
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Figure  1  -  Coordinate  geometry 


centers  on  the  case  of  a  thin  layer,  we  include  the 
effect  of  the  layer  as  a  nonzero,  homogeneous  term 
in  the  boundary  conditions.  To  this  end  we  rewrite 
Eqs.  (1)  -  (5)  for  the  layer  in  terms  of  displace¬ 
ments  and  stresses,  average  these  equations  across 
the  layer  thickness  and  satisfy  the  boundary  condi¬ 
tions  (7)  ar.d  (8).  We  neglect  the  variations  in 
the  displacements  uD  and  wc  to  obtain  the  sub¬ 
stitute  fluid  Interface  conditions  as  a  first 
order  approximation  in  h 

^W^-Po5*1  -“W0' 


1^4  +  ifi  _  JL  ifi  . 

3x2  3z2  c22  at2 
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The  longitudinal  and  shear  wavespeedr  for  each 
medium  are  given  respectively  by 


where  p  Is  the  density  of  the  medium.  The  sub¬ 
scripts  1  and  2  denote  longitudinal  and  shear 
properties,  respectively.  Solutions  of  Eqs.  (1)  - 
(6)  must  also  satisfy  the  continuity  conditions  at 
the  interfaces;  in  our  notation  these  are 


u 

s 


0,  at  z  «  -h  .  (8) 


Reduced  Model 

In  principle, solutions  to  Eqs.  (1)  -  (5), 
subject  to  the  continuity  conditions  of  Eqs.  (7) 
and  (8),  could  be  formally  obtained,  but  the  results 
would  be  quite  complicated  algebraically.  Moreover, 
an  attempt  to  obtain  an  exact  solution  could  obscure 
important  features  of  the  problem.  Therefore, 
since  our  principal  interest  in  this  problem 


Equations  (9)  and  (10)  are  significant  Bince 
they  are  the  only  relations  that  contain  the  effect 
of  the  layer  via  the  modified  longitudinal  and 
shear  stress  boundary  conditions.  In  the  a’-3ence 
of  the  layer  (h  =  0)  they  reduce  to 

a  (0)  =  a  ,(0),  a  f(0)  ■  0,  which  are  the  classi- 
zs  zx.  xzx 

cal  liquid-solid  stress  continuity  relations. 

Reflection  Coefficient  and  Leaky  Wave  Dispersion 

To  determine  the  reflection  coefficient  for 
plane  harmonic  waves  incident  from  a  fluid  onto  a 
solid  surface,  we  begin  by  writing  the  Fourier 
transforms  of  the  wave  potentials  with  respect  to 
the  x-coordinate  and  assume  exponential  solutions 
in  the  z-coordinate.  These  steps  lead  to  formal 
solutions  given  by 


Se1^2  ,  MO 


Ye15*2 


(11a, b) 


eiCfZ  +  #’  e'iCf2  , 


where  the  caret  indicates  a  transform,  and  the 
prime  designates  a  reflected  field.  The  circular 
frequency  is  u,  and  the  complex  amplitudes  Y, 


and  are  constants  to  be  determined  from  the 
boundary  conditions.  The  wavevector  components  are 
given  by 

Cl,2  "  (r21,2  ~  ^  *  5f  “  (k2f  '  (12) 

where  £  =  k^sinQ  with  the  angle  6  measured  from  the 
surface  normal.  The  longitudinal  and  shear  wave- 
numbers  are  kj  2  “  ^/tl  2'  In  tbe  fluid  we  shorten 
this  notation  to  kf  -  co^Cf,  since  there  can  be  no 
ambiguity.  From  Eq.  (11c)  the  reflection  coeffi¬ 
cient,  R,  is  given  by 

R  -  #'  /4f  .  (13) 


energy  in  the  fluid)  occurs.  In  the  presence  of  a 
fluid  these  surface  waves  are  called  "leaky  waves." 
It  will  later  be  shown,  as  has  been  done  by  others 
1 10 J ,  that  cr  is  hardly  affected  by  the  presence  of 
the  fluid,  and  therefore,  a  is  very  small.  However, 
as  shown  by  Bertoni  and  Tamir  [8] ,  a  is  important 
because  it  ia  related  to  the  lateral  displacement 
of  the  reflected  beam.  Examination  of  Eq.  (16) 
indicates  that  in  the  layer  case,  the  medium  is 
dispersive,  and  both  cr  and  a  depend  on  the  fre¬ 
quency  in  a  rather  complicated  fashion.  Notice 
also  that  Eq.  (16)  contains  the  classical  charac¬ 
teristic  equation  for  a  surface  wave,  which  is 
obtained  by  setting  h  “  0  and  -  0.  Graphical 
results  of  cr  as  a  function  of  frequency  are  pre¬ 
sented  and  compared  to  measurements  in  Section  IV. 


Inserting  the  Fourier  transformed  stresses  and  dis¬ 
placements  into  the  continuity  conditions, Eqs .  (7) 
and  (8), yields  a  system  of  linear  equations  that 
relate  the  wave  potential  amplitudes.  Using  these 
relations  the  value  of  R  becomes 


Kf  (a,  b„  +  a,b  )  +  p  jn  (?a,  -  4  b.) 

R  -  ■■■-■  ■-1  - - — - - - - - ±2-*-  (14) 

t.f  (axb2  +  a2bl^  ~  pfw  ^a2  -  ^lsb2^ 


where 
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Field  of  the  Reflected  Beam 


In  this  section  we  discuss  the  reflection  of  a 
finite-width  beam  having  a  Gaussian  profile  which 
is  incident  on  the  liquid-solid  interface  at  an  angle 
6^  with  the  normal.  This  choice  of  beam  profile  or 
cross-section  greatly  simplifies  the  analytic 
evaluation  of  the  integrals  in  this  and  the  next 
subsection.  The  profile  of  the  beam  is  character¬ 
ized  by  an  effective  width  2a  that  is  large  com¬ 
pared  to  the  wavelength  X  in  the  liquid.  Therefore, 
the  acoustic  field  has  significant  amplitude  only 
for  a  distance  a  on  either  side  of  the  beam  axis. 
Consider  the  Incident  Gaussian  beam  at  n  •  0 


bl  "  2i^lps;2s  -  ‘VL1  (15b) 

a2“215t%Cls-h(\,  +  Vlo1  (15c) 

b2  -  ~  k2 s>  -  2ih^2s(Xo  +  2poKlo  • 


(15d) 


T  exp[-(x/a  )  +  lk  x] 

<J>f(x,0)  -  — - —9 - >  (18) 

/ir  a  cos8^ 

where  ro  represents  the  amplitude  of  the  potential 
in  appropriate  units;  kj_  »  kfSinO^  and  a„  »  asecS^ 
is  the  half-width  of  the  acoustic  beam  along  the 
x-axis.  Since  the  Fourier  transform  of  (18)  is 


In  the  absence  of  the  layer  (h  ■  0)  Eq.  (14) 
correctly  predicts  the  reflection  coefficient  of  a 
liquid-solid  interface  (see  [13]  for  example).  Now 
we  consider  the  dispersion  of  the  propagating  sur¬ 
face  waves  at  the  liquid-solid  interface.  This 
dispersion  is  produced  by  the  layer  and,  therefore, 
vanishes  in  its  absence. 

The  expression  Eq.  (14)  for  the  reflection 
coefficient  contains,  as  a  by-product,  the  charac¬ 
teristic  equation  for  the  propagation  of  a  modified 
("leaky")  Rayleigh  surface  wave  which  propagates 
along  the  interface  between  the  fluid  and  the  thin 
layer  bonded  to  the  solid.  The  vanishing  of  the 
denominator  in  Eq,  (14), 

Cf(a1b2+a2b1)  -  pfy2(5a2-Clab2) «  0  (16) 

is  the  characteristic  equation  for  such  waves,  If 
Eq.  (15)  is  substituted  into  Eq.  (16),  then  for  a 
real  frequency  <0,  Eq,  (16)  will  admit  complex 
solutions  of  the  form 

F  -  kr  +  ia  .  (17) 

From  Eq.  (17)  the  phase  velocity  of  the  Rayleigh 
wave  is  given  as  cr  “  (u/kr,  and  a  1b  the  attenuation 
coefficient.  Note  that  a  vanishes  in  the  absence 
of  the  fluid,  and  hence  no  attenuation  (leaking  of 
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the  field  of  the  reflected  beam  will  be  given  by 
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Examination  of  Eq.  (20)  reveals  that  it  cannot 
be  inverted  to  give  exact  analytic  results.  How¬ 
ever,  the  principal  contribution  to  the  integral 
comes  from  values  of  £  lying  in  the  vicinity  of  the 
incident  wavenumber  k^.  Accordingly,  approximate 
values  of  <J>j(x,z)  can  be  obtained  by  expanding  F  in 
a  Taylor  series  about  ki.  This  entails  approxima¬ 
tions  of  R(F)  and  4(F)  for  values  of  5  close  to  k^. 

In  adopting  any  form  of  approximation,  care 
must  be  used.  The  straightforward  approximation, 
such  sb  the  Taylor-series  expansion,  is  adequate  in 
ranges  where  R(F)  is  well-behaved,  specifically 
away  from  the  surface-wave  pole  at  kr  +  id.  If 
this  fact  is  not  taken  into  consideration,  the 
results  of  this  simple  expansion  for  incident  waves 
near  or  at  the  Rayleigh  angle  are  inadequate  to 
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explain  the  distortion  of  the  reflected  beam.  By 
including  the  influence  of  the  Rayleigh  wave  pole, 
Bernni  and  Tamir  [8]  were  able  to  explain  these 
phenomena.  In  [8]  it  was  also  shown  that  Schoch's 
results  are  correct  only  for  very  wide  beams. 
Before  considering  the  influence  of  the  Rayleigh 
wave  pole  on  the  reflected  beam,  we  shall  apply 
Schoch's  approach  to  the  present  problem  to  obtain 
an  expression  for  the  beam  displacement  parameter 
A@.  Ey  considering  the  case  of  total  internal 
reflection  (8^  >  0C),  we  may  write  the  reflection 
coefficient  in  the  form 


R(D  “  |R(5)|eiS<5), 


F  -  -(pfa>  /tf)Ulab2  +  £a2)  , 


G  -  a1b2  +  a2b2  , 


we  obtain 


where  the  amplitude  |r(£)|  is  very  close  to  unity, 
and  S(£)  is  the  phase  of  R(£|).  Consistent  with  our 
previous  approximation,  the  Taylor-series  expansion 
about  k^  is  used  for  Sv.£);  this  result  is  equivalent 
to  a  Fresnel  expansion  [8],  Then  retaining  the 
first  term  we  obtain 


A  .  -S'(t  )  -  2  F'G  ~  G'F _ 

a  b  'V  i(G  +  F)(G  -  F) 


Substituting  for  F  and  G  into  Eq.  (29),  we  obtain 
the  lateral  displacement  of  the  reflected  beam  at 
or  near  the  Rayleigh  angle.  Since  F  and  G  are 
functions  of  the  frequency  w,  A  will  also  depend  on 
o)  in  a  manner  that  may  be  seen  from  Eq.  (29).  In 
the  absence  of  the  layer  (h  -  0),  Eq.  (53)  yields 
the  results  that  are  reported  by  Schoch  (2). 


R(C)  ~  K^)  exp[i{(C-k1)S'(k1)]  (22) 

where  S'(k^)  “  S(£)/3£;  evaluated  at  (  =  k^. 
Similarly,  by  retaining  three  terms  in  the  expansion 
of  Cj  we  obtain 


^f  cos6, 
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Substitution  from  Eqa.  (22)  and  (23)  into  Eq.  (20) 
and  comparing  with  Eq.  (la),  it  can  be  shown,  for 
angles  different  from  the  Rayleigh  angle,  that  the 
reflected  beam  profile  at  any  location  (x,z)  is  a 
modified  Gaussian  beam.  Replacing  x  with  xr  and  aQ 
with  ar  in  accordance  with  the  relations 

x^  =  x  +  ztanO^  -  S'(k  )  (.24) 


kfcos  0^ 


we  obtain  what  amounts  to  a  shifting  of  the 
reflected  beam  along  the  x-axis  by  an  amount 

Aa  -  -  S'Uj)  ,  (26) 

along  with  the  introduction  of  an  effective  complex 
beam  width  ar. 

It  now  remains  to  derive  specific  expressions 
for  S'(k^).  This  can  be  done  easily  by  differen¬ 
tiating  Eq.  (21)  with  respect  to  F.  Noting  that 
since  |R(0|  is  approximately  unity,  we  have 


S'(kt> 


R'  (kt) 
iR(ki)  • 


For  the  special  case  when  the  beam  is  incident 
at  the  Rayleigh  angle,  £  -  kr  +  ia,  one  finds  that 
G(kr)  -  0  and  Eq.  (29)  reduces  to  the  form 


A  -  -  S'(k  ) 
a  r 


2iG'(kr) 
FOO  • 


Employing  the  expressions  for  F  and  G  in  the  above 
equation,  we  obtain,  after  some  algebraic  manipula¬ 
tion, 


Ag  -  -  (Xp8/pf)(rs)^(TJfD1/T1D2), 


S  "  (c2s/cr)2  '  r  ‘  (c2s/cf)2  *  q  ‘  (c2s/cls)2 


slo  *  [0o/(V2V]  '  l/clo> 


B2o  “  (W  ■  i/c2o 


p  -  p  /p  ,  E  »  (X  +2p  )/u 
o  o  s  o  o  o  s 


2  2  2  2 
P,  =  s"  -  s,  ,  P„  «  ac  ~  si 
lo  lo  ’  2o  2o 


T  =  (s-l)’4  ,  Tx  -  (s-q)*4  ,  Tf  -  (r-s)*1 
D  -  16s  -  4s(T/Tx  4  T./T)  -  8TT1  -  8 


-  Q[(2T2  +  P1o)Eq/T  +  (2T2  +  P2o>h0/T1) 


D2  ‘  1  "  ^EoPlo(T  '  9/Tl>  * 


Now,  by  rewriting  R(£)  as 


Q  "  2hk,  “  2h0)/c„ 
as  2s 
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In  the  absence  of  the  layer  Eq.  (31)  reduces  to 


which  is  identical  with  the  results  obtained  by 
Schoch  (see  also  [13 ) ) . 

The  dependence  of  As/X  on  the  dimensionless 
frequency  Q  for  a  specific  set  of  elastic  constants 
discussed  later  is  shown  in  Fig.  2.  In  addition  to 
the  explicit  appearance  of  Q  in  Eq.  (31),  cr  con¬ 
tains  an  implicit  dependence  on  frequency  and  layer 
thickness,  which  also  modifies  the  behavior  of 
As/X.  The  correct  value  of  cr  as  a  function  of  Q 
is  obtained  from  Eq.  (16).  At  Q  =  0,  corresponding 
to  long  wavelength  or  small  layer  thickness,  the 
value  of  As/X  from  Fig.  2  is  quite  close  to  the 
substrate  material,  as  verified  in  Eq.  (33).  As 
the  layer  thickness  or  the  frequency  increases, 

6a/X  decreases,  approaching  the  value  predicted  by 
Eq.  (33)  for  the  material  properties  of  the  layer. 
In  fact,  as  expected,  the  model  does  not  retain 
validity  much  beyond  Q  «  1,  considering  the 
approximation  implicit  in  Eqs.  (9)  and  (10).  How¬ 
ever,  the  results  seem  fairly  insensitive  to  the 
assumption  of  constant  displacement  across  the 
layer,  although  we  have  determined  that  the  sensi¬ 
tivity  can  be  strongly  dependent  on  the  specific 
combination  of  properties  of  the  layer  and  sub¬ 
strate.  In  any  case  good  agreement  with  experi¬ 
mental  measurements  is  observed  up  to  Q  -  1.5 
(2h/X  -  0.25),  as  we  show  in  Section  IV. 


Figure  2  -  Displacement  parameter  over  wavelength 
plotted  as  a  function  of  the  dimension¬ 
less  frequency-thickness  product.  Elas¬ 
tic  constants  are  appropriate  for  a 
copper  layer  on  stainless  steel. 

With  the  above  results,  the  integral  of 
Eq.  (20)  may  now  be  evaluated.  Following  the 
procedure  outlined  in  earlier  work  [8,14),  the 
reflection  coefficient  in  Eq.  (14)  is  approximated 
by  a  truncated  Laurent  expansion  about  £  =  kr  +  id, 
keeping  only  the  first  term.  In  this  way  we  con¬ 
sider  the  influence  of  only  the  Rayleigh  wave  pole 
on  the  reflected  field,  and,  correspondingly,  the 
final  result  will  be  valid  only  when  ©i  is  at  or 


near  the  Rayleigh  angle.  Since  kj  is  constant,  the 
£  dependence  of  Lf  can  be  explicitly  developed  by 
a  suitable  expansion  of  terms  in  Eq.  (12).  After  a 
change  of  variable,  an  application  of  the  convolu¬ 
tion  theorem,  and  a  contour  integration  around  the 
upper  half -plane,  we  obtain  the  final  result  for 
the  wave  potential  of  the  reflected  field  at  the 
Rayleigh  angle 


*  lw 


where  the  subscripts  "sp"  and  "lw"  stand  for 
specular  and  leaky  wave,  respectively.  These  two 
wave  potential  components  of  the  reflected  field 
are  given  explicitly  from  the  above  analysis  by 


r  exp[-x2/a2  ] 

(x,z)  -  “ - —  exp[i(£x  -  £fz)J 

sp  /ff  a  cosO  £ 

r  i 

(34) 


and 


<J>lw(x,z)  =  -2<f>  (1-i/i  ar  exptY2]  erfe(Y)/As)  , 

(35) 


where 


Y  -  ar/As  -  x/ar  ,  (36) 

erfc(Y)  is  the  complimentary  error  function,  and 
ar  is  given  by  Eq,  (25)  neglecting  S”(ki).  It 
should  be  noted  that  apart  from  a  generalization 
which  includes  the  z  dependence,  Eqs.  (34)  and  (35) 
are  identical  to  Bertoni  and  Tamir's  [8]  result. 

This  tact  indicates  that  Um  modification  of  the 
reflected  field  due  to  the  layer  is  contained 
entirely  in  the  dispersive  Rayleigh  wavespeed  cr, 
the  displacement  parameter  As,  and  the  dimensionless 
frequency  Q.  The  model  presented  here  combines  the 
new  features  that  emerge  in  the  layer  case  with 
previous  results  to  yield  an  accurate,  yet  analytic, 
expression  for  the  total  reflected  field. 


EXPERIMENTAL  PROCEDURE 

Experiments  in  support  of  the  theoretical 
development  of  the  previous  sections  were  performed 
to  test  dependences  on  important  parameters  of  the 
model.  We  varied  the  layer  thickness,  ultrasonic 
frequency,  incident  angle,  and  transducer-interface 
separation  distance  in  the  course  of  many  measure¬ 
ments  on  several  samples.  For  rapid  data  acquisi¬ 
tion  and  reduction  an  on-line  computer  was  employed. 
The  specimens  used  in  these  measurements  are  302 
stainless  steel  electroplated  with  high-purity 
copper.  Both  surfaces  of  the  stainless  steel 
plates  (50  x  100  x  10  mm)  are  machine  ground  to 
assure  parallelism,  then  abrasively  polished  to  a 
mirror  finish. 

To  permit  as  detailed  a  comparison  with  theory 
as  possible,  ultrasonic  velocity  measurements  of  a 
representative  steel  sample  have  been  undertaken. 

We  found  the  longitudinal  wavespeed  to  be  5.69  + 

.02  km/sec,  while  the  transverse  wavespeed  is 
3,13  +  .01  km/sec.  These  results  are  within  0.5% 
of  the  quoted  values  for  302  stainless  steel  [15] . 
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For  the  copper  layer  we  used  literature  values  [16] 
of  4.76  km/sec  end  2.2  km/sec,  where  the  transverse 
vavespeed  represents  a  5%  degradation  of  the  value 
for  bulk  copper  at  room  temperature.  The  densities 
are  8.93  g/cm^  for  copper  and  7,9  g/cm^  for  stain¬ 
less  steel. 

The  transducers  used  in  these  experiments  are 
either  commercial  wideband  immersion-type  trans¬ 
ducers  or  specially  designed  "Gaussian  beam"  trans¬ 
ducers.  These  latter  are  based  on  an  earlier  design 
[12]  and  consist  of  circular  quartz  plate  resonators 
2.5  cm  in  diameter  with  the  water-side  electrode 
completely  covering  one  face,  while  the  opposite 
face  had  a  strip  electrode  either  6.4  mm  or  3.6  min 
in  width.  This  configuration  produced  a  beam 
whose  amplitude  distribution  in  the  transducer  mid¬ 
plane,  perpendicular  to  the  strip  electrode 
accurately  described  a  Gaussian  profile,  as  we  have 
verified  in  measurements  at  several  frequencies. 

The  Gaussian  beam  is  esser,  _ial  since  it  corresponds 
to  the  incident  beam  profile  assumed  in  the 
theoretical  model  of  the  previous  section.  For 
measurements  to  determine  Rayleigh  critical  angles 
the  wideband  immersion  transducers  have  proven 
more  accurate.  Data  were  acquired  by  fixing  the 
position  of  the  transmitting  transducer  with 
respect  to  the  sample  and  scanning  the  receiving 
transducer  across  the  reflected  field,  as  indicated 
in  Fig.  3,  At  each  point  in  the  discrete  scan,  the 
receiver  comes  to  a  complete  halt,  and  the  data 
point  was  read  directly  into  the  memory  of  an 
on-line  computer.  Then  the  receiver  position  is 
incremented  automatically  and  the  process  repeated. 

Comparing  the  measurements  with  the  theoretical 
model  of  the  previous  section  requires  careful 
reduction  of  the  data.  We  corrected  the  measure¬ 
ments  on  the  basis  of  a  calibration.  Since  the 
transducer  voltage  is  proportional  to  the  particle 
displacement,  we  obtained  Uie  following  propor¬ 
tionality  between  wave  potentials  in  Eqs,  (34)  and 
(35)  and  the  transducer  signal 


TRANSMITTER  RECEIVER 


Figure  3  -  Schematic  of  leaky  wave  experiment. 

Transmitter  is  fixed,  while  receiver 
scans  along  x-axls.  Dashed  lines  in 
reflected  field  indicate  specular 
reflection.  Shaded  regions  contain  most 
of  the  acoustic  power.  Null  zone  is 
denoted  by  N,  and  leaky  wave  reflected 
field  by  LW. 


RESULTS  AND  DISCUSSION 

Measurements  of  the  Rayleigh  wave  peed  in 
three  different  samples  as  a  function  of 
Q  (=  2h(i)/c2s)  are  shown  along  with  the  theoretical 
prediction  in  Fig,  4,  The  quantity  cr  is  inferred 
by  determining  the  Rayleigh  angle  with  the  follow¬ 
ing  procedure.  We  adjusted  transmitter  and 
receiver  in  Fig.  3  to  the  same  angle,  then  varied  the 
receiver  position  and  frequency  until  an  absolute 
minimum  in  the  null  region  was  achieved.  Changing 
angles,  the  procedure  was  repeated.  From  Eq.  (31) 
the  beam  displacement  parameter  As  decreases  with 
increasing  frequency  until  the  null  region  become 
indistinct.  Measurements  at  higher  Q  values  may 
then  be  accomplished  with  a  thicker  layer.  The 
three  samples  in  Fig.  4  have  progressively  increas¬ 
ing  layer  thicknesses,  spanning  the  region  from 
Q  =  0  to  3.  A  representative  error  bar  indicates 
the  uncertainty  in  the  data  points.  Good  overlap 
between  the  data  sets  lends  confidence  to  the 
measurements,  but  the  theoretical  curve  begins  to 
deviate  seriously  from  the  data  at  about  Q  -  1.5. 

By  Q  «■  3  this  disparity  has  grown  to  45%  of  the 
range  of  cr(Q).  The  size  of  this  deviation  has  led 
us  to  try  to  fit  other  theoretical  results  in  the 
literature.  From  this  attempt  we  find  that  agree¬ 
ment  between  the  approximate  model  presented  here 
and  more  complicated  exact  results  is  strongly 
dependent  on  the  specific  material  parameters  of  the 
substrate  and  layer.  In  particular  as  the  ratio  of 
substrate-to-laver  wavespeeds  increases,  so  does 
the  observed  agreement.  As  mentioned  earlier, 
however,  the  nature  of  the  assumptions  suggests 
that  some  deviation  beyond  Q  =  1  (2h/Xa0.2)  is  not 
unexpected. 


Figure  4  -  Surface  wave  phase  velocity  plotted 
versus  frequency-thickness  product,  Solid  line 
is  approximate  theory,  while  experimental  data 
points  for  three  samples  correspond  to  symbols 
indicated  on  graph.  Typical  error  bars  shown 
for  a  representative  point. 

The  amplitude  distribution  curve  for  sample 
CS1  at  a  frequency  of  1.5  MHz  is  shown  as  a  func¬ 
tion  of  receiver  position  in  Fig.  5.  These  data 
are  recorded  by  incrementing  the  x-coordinate  of 
the  receiver  transducer  with  the  transmitter  in  a 
fixed  position.  The  individual  points  are  the 
experimental  data,  while  the  solid  curve  is  the 
theoretical  result  from  Eqs.  (34)  -  (37).  In  view 
of  the  disagreement  between  the  theoretical  value 
of  cr(Q)  and  that  inferred  from  Rayleigh  angle 
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measurements,  we  have  inserted  the  experimentally 
derived  cr  into  the  expression  for  As  from  Eq.  (31) 
used  to  derive  the  theory  curve  of  Eig.  5.  Because 
of  signal  averaging  and  system  calibration,  exper¬ 
imental  uncertainty  in  the  signal  level  is  no 
larger  than  the  plotting  symbols  in  this  and  sub¬ 
sequent  curves. 


COOlt  cum  1  UUHI  Z'KMM 
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Figure  5  -  Reflected  acoustic  field  amplitude 
plotted  versus  receiver  position  for  sample  CS  1 
at  1.5  MHz.  Points  are  experimental  data,  and 
solid  curve  is  theory  from  Eq.  (62). 

The  features  of  the  reflected  field  indicated 
schematically  in  Fig.  3  are  apparent  in  a  quantita¬ 
tive  sense  in  Fig.  5.  First,  near  x  "  -1.0  cm,  a 
precursor  peak  appears,  due  to  the  coherent  sum  of 
<|>gp  and  (fnw  from  Eqs.  (34)  and  (35).  At  higher 
values  of  receiver  position  near  x  =  1.3  cm,  a 
larger  displaced  reflection  is  observed,  which 
arises  mostly  from  the  leaky-wave  term.  Between 
the  two  peaks  is  the  null  region  where  phase 
cancellation  reduces  the  signal  amplitude  to  near 
zero.  Similar  observations  have  been  made  in 
previous  work  (8,0]  .  From  x  =  -3  to  3  cm  agree¬ 
ment  between  the  data  of  Fig.  5  and  the  theoretical 
prediction  is  relatively  good.  The  precursor  peak 
height  and  location  of  the  null  are  fairly  well 
predicted.  Beyond  x  =  3.5  cm  the  experimental 
trailing  field  decreases  more  rapidly  than  pre¬ 
dicted.  This  occurrence,  noticed  in  several  cases, 
is  probably  due  to  the  finite  y  dimension  of  the 
Gaussian  beam,  which  is  only  20  mm  long.  When 
compared  to  an  acoustic  path  length  of  160  mm,  the 
assumption  of  y-independent  incident  beam  profile 
appears  difficult  to  fulfill.  We  have  determined 
the  incident  acoustic  beam  halfwidth  from  measure¬ 
ments  at  several  frequencies  with  two  transducers 
at  varying  separations.  The  wide  transducer  (6.4 
mm)  is  used  for  generation,  whereas  the  narrower 
one  (3.6  mm)  is  the  receiver.  Inserting  this 
estimate  for  a/2  into  Eq.  (25),  we  examine  the 
theoretical  fit,  adjusting  a/2  by  no  more  than  10X 
to  achieve  the  best  effective  width  in  light  of  the 
finite  y  extent  of  the  transducer.  Additional 
parameters  used  in  the  theory  are  summarized  for 
this  and  subsequent  curves  in  Table  1. 

Figure  6  displays  the  amplitude  distribution 
for  sample  CS2  for  Q  “  .82.  Here  theory  (solid 
curve)  fits  the  data  points  somewhat  better  than 
the  previous  example,  although  there  is  still  a 


tendency  for  the  measured  field  to  decrease  slightly 
more  rapidly  than  the  model  calculation.  In  addi¬ 
tion,  we  have  plotted  for  comparison  the  reflected 
field  of  the  same  beam  at  the  same  angle  of 
incidence  and  frequency  for  a  stainless  steel 
sample  with  no  layer  present.  Although  the  layer 
is  rather  thin  (2h/\=.15),  the  effect  on  the 
reflected  field  is  quite  pronounced.  The  dashed 
curve,  consisting  of  connected  data  points,  indi¬ 
cates  this  field  in  Fig.  6.  A  small  residual  beam 
displacement  remains  since  we  are  less  than  2°  from 
the  appropriate  Rayleigh  angle  for  the  stainless 
steel  surface  (30.8°).  Far  from  all  critical 
angles,  the  only  contribution  to  the  expression  in 
Eq.  (37)  is  <J>sp »  and  the  undistorted  beam  would  be 
centered  on  x  =  0. 
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Figure  6  -  Reflected  acoustic  field  versus  receiver 
position  for  sample  CS  2  at  3  MHz.  Experimental 
data  are  plotted  discretely,  solid  curve  is 
theory,  and  broken  curve  is  experimental  data 
for  no-layer  case. 

As  a  first-order  theory  for  acoustic  reflec¬ 
tion  at  fluid-solid  interfaces  loaded  by  a  thin 
layer,  the  model  we  present  here  is  qui  e  adequate, 
particularly  in  the  region  Q  >  1.  However,  several 
shortcomings  should  be  pointed  out .  The  calculation 
of  cr  as  a  function  of  Q  is  prohibitively  compli¬ 
cated.  Expanding  Eq.  (16)  and  collecting  coeffi¬ 
cients  of  powers  of  the  Rayleigh  wavespeed  reveals 
a  characteristic  equation  which  is  40th  order  in 
cr.  Instead  of  proceeding  in  this  manner,  we  have 
solved  Eq.  (16)  implicitly  for  cr  by  noting  that 
the  equation  is  only  second  order  in  Q.  The 
difficulty  with  this  method  is  that  we  know  an 
exact  complex  solution  for  Eq.  (16)  at  only  one 
value  of  Q,  namely,  Q  »  0.  Developing  a  functional 
dependence  of  Q  (cr)  for  Q  >  0  requires  assumptions 
concerning  the  behavior  of  cr  in  the  complex  plane. 
Fortunately,  we  are  aided  at  this  point  by  the  fact 
that  Im(crVRe(cr)  «  1,  implying  that  these  assump¬ 
tions  do  not  seriously  affect  the  results.  A  more 
general  approach,  however,  would  be  needed  to 
eliminate  this  problem  and  produce  a  result  in 
better  agreement  with  the  data.  Additional  limita¬ 
tions  are  the  assumption  of  the  Gaussian  beam  pro¬ 
file  and  the  intrinsic  two-dimensionality  of  the 
analysis.  The  first  of  these  could  be  circumvented 
by  evaluating  the  reflected  field  numerically  [10] , 
but  expanding  the  analysis  to  three  dimensions 
would  be  a  very  significant  complication. 


16.  G.  W.  C,  Kaye  ami  T.  H.  Laby,  Tables  of  Physi¬ 
cal  and  Chemical  Constants  (Longman,  London,  1973) . 

17.  Mini-manipulator  available  from  Automation 
Industries,  Inc. 


Table  1  -  Experimental  Parameters 


Figur* 

2h(m) 

Fr*q(Mh«) 

q 

t(nin) 

t/Hm) 

5 

CS  1 

.37 

1.5 

1.1 

33.6 

94. 

10. 

6 

CS  2 

.14 

3.0 

.82 

32.5 

70. 

5. 

6 

S  1 

0. 

3.0 

0. 

32.5 

70. 

5. 
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SUMMARY  DISCUSSION 


William  Pardee,  Chairman  (Rockwell  Science  Center):  Are  there  any  questions? 

Unidentified  Speaker:  Have  you  included  the  effect  of  Lambda? 

A.H.  Nayfeh  (Systems  Research  Laboratories):  Yes,  you  remember  1  have  Included  the  effect  of  the  layer 
In  the  boundary  conditions. 

Bill  Reynolds  (ACRE,  Harwell):  I  recall  seeing  some  years  ago  some  remarkable  Illustrations  of  this 
displacement  on  steel  specimens  which  didn't,  as  far  as  I  know,  have  a  surface  layer.  Would 
your  work  suggest  there  was  perhaps  In  this  steel  an  atypical  surface  layer  of  material  which 
was  causing  the  effect? 

A.H.  Nayfeh:  No.  Surfaces  without  layers  do  exhibit  the  Schoch  displacement.  So  what  you're  saying  - 
Yes,  we  are  saying  that  the  shifting  and  modulation  of  the  beam  Is  due  to  the  resonant  coupling 
of  energy  from  the  beam  In  the  fluid  to  the  pseudc-Raylelgh  wave  In  the  surface.  And  this 
leads  to  a  displacement  and  distortion  of  the  reflected  beam. 

Mike  Gardos  (Hughes):  To  answer  your  question,  the  answer  Is  yes.  When  you  machine  steel,  you  do  have 
a  damage  layer  on  the  surface  as  a  matter  of  fact.  You  have  a  very  significant  subsurface 
damage  layer,  and  these  layers  are  themselves  different  from  each  other.  So  If  you  work  with 
real  specimens  that  you  machine  In  a  real  world,  you're  going  to  see  the  difference  In 
behavior.  And  If  your  method  is  sensitive  to  that,  then  you  have  something. 

A.H.  Nayfeh:  But  may  I  suggest  that  even  smooth  surfaces  exhibit  the  displacement  and  distortion. 

Laszlo  Adler  (Ohio  State  University):  Let  me  make  a  point  clear.  The  so-called  Schoch  displacement, 
which  Is  a  characteristic  of  the  Interface,  Includes  the  properties  of  both  materials.  The 
Schoch  displacement  Is  the  parameter  which  describes  the  displacement  of  the  reflected  field. 

A.H.  Nayfeh:  What  you're  suggesting  could  modulate  the  smooth  surfaces.  If  our  analysis  is  sensitive 
to  this  effect,  then  we  might  be  able  to  Isolate  It. 

William  Pardee,  Chairman:  This  is  phenomena  not  precisely  analogous  to  the  effect  of  surface  plasmons 
or  surface  plarltons  In  optics? 

A.H,  Nayfeh:  We  mentioned  earlier  It  has  been  observed  In  optics. 

William  Paruee,  Chairman:  Arc  there  any  other  questions:  Thank  you,  Mr.  Nayfeh. 


NON-DE'TRUCTIVE  ACOUSTIC  DETERMINATION  OF  RESIDUAL  STRESSES  IN 
HYDROSTATICALLY  EXTRUDED  ALUMINUM  RODS 


M.  P.  Scott  and  D.  M.  Barnett 
Department  of  Materials  Science  and  Engineering 
Stanford  University 
Stanford,  California  94305 


ABSTRACT 

Third  order  elasticity  theory  may  be  used  to  show  that  a  longitudinal  acoustic  wave  normally  incident 
on  a  sample  in  a  state  of  plane  deformation  experiences  a  relative  velocity  shift  given  by 

V  -  v 

— v—  =  B(a  +  °2) 
o 

where  B  is  the  acoustoelastic  constant,  cr,  and  are  the  principal  stresses  normal  to  the  direction  of 
wave  propagation,  and  V0  is  the  wave  velocity  in^undistorted  material.  Hence,  wave  transit  time  measure¬ 
ments  may  be  used  to  ascertain  the  sum  a,  +  ct.  In  the  deformed  state.  We  use  a  double  pulse-echo  tech¬ 
nique  to  provide  an  accurate  measure  of  transit  time  through  the  thickness  of  aluminum  discs  produced  by 
hydrostatic  extrusion  (255!  area  reduction).  The  residual  stress  state  produced  during  extrusion  Is 
axl-symmetrlc  and  we  are  able  to  separately  determine  residual  radial  and  hoop  stresses  by  a  single  longi¬ 
tudinal  wave  measurement  at  points  on  the  disc  face.  The  technique  Is  extremely  rapid  and  accurate,  and 
the  acoustic  results  are  cross-checked  by  both  x-ray  measurements  and  finite  element  simulation  of  the 
extrusion  process . 
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SUMMARY  DISCUSSION 


William  Pardee,  Chairman  (Rockwell  Science  Center):  Bill  Moyer. 

Bill  Moyer  (Union  Carbide):  Would  you  address  the  problem  of  getting  zero  stress  state  in  the  welded 
position? 

Martin  Scott  (Stanford  University):  This  Is  a  big  problem.  I  think  this  will  require  that  the 

theoreticians  do  more  work  here.  Echo  elasticity  can  be  couched  In  a  different  way.  That  Is, 
If  we  can  use  an  already  deformed  state,  perhaps,  as  referencing  our  equation,  thv,t  would  give 
us  a  big  help.  At  present,  I  don't  know  a  better  way  to  do  It  than  simply  stress  relief. 
Obviously,  if  you  are  talking  about  a  30-ton  pressure  vesse1 ,  you  don't  believe  that.  I  don't 
know  what  to  do  about  that;  this  Is  the  best  I  know  how  to  do  It. 

Bill  Moyer:  Is  the  technique  applicable  to  a  weld  where  the  weld  nugget  Is  different  material  so  you 
have  a  variation  In  properties  as  you  go  across? 

Martin  Scott:  Yes.  By  calibrating  the  already  deformed  state,  you  can  essentially  handle  those  kind  of 
things.  However,  that  has  not  been  done  before. 

William  Pardee,  Chairman:  How  thick  were  your  wafers,  and  did  you  have  to  take  any  special  precautions 
to  avoid  Introducing  additional  stresses  in  moving  them  out  of  the  rod? 

Martin  Scott:  Yes,  to  both  your  questions.  They  were  on  the  order  of  anything  from  4  millimeters  to  6 
millimeters  In  thickness.  I  used  a  gassed  discharging  machine  to  be  very  careful,  using  a  very 
careful  polishing  technique.  Although  this  technique  Is  not  very  sensitive,  you  really  don't 
have  to  worry  about  that  that  much. 

John  Simmons  (NBS):  Did  you  find  any  differences,  In  fact? 

Martin  Scott:  There  are  axial  stresses  in  the  rod,  and  the  order  of  difference  Is  on  the  order  of 

differences  you  would  expert  by  adding  the  elastic  solution  to  the  longitudinal  stresses;  we 
picked  that  up. 

William  Pardee,  Chairman:  Thank  you,  Martin. 
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THE  DETERMINATION  OF  TENSILE  STRESSES  USING  THE  TEMPERATURE  DEPENDENCE  OF  ULTRASONIC  VELOCITY 


K.  Salama,  A.  L.  W,  Collins  and  Jen-Jo  Wang 
Department  of  Mechanical  Engineering 
University  of  Houston 
Houston,  TX  77004 


ABSTRACT 

The  effects  of  applied  tensile  stresses  on  the  temperature  dependence  of  10  MHz  ultrasonic  longitudi¬ 
nal  velocity  have  been  studied  in  three  types  of  commercial  aluminum  alloys,  6064-T4,  2024-T351,  and 
3003-T2F1,  In  all  measurements,  it  is  found  that  the  velocity  decreases  linearly  with  temperature,  and 
the  slope  of  the  linear  relationship  changes  considerably  as  a  furction  of  applied  tensile  stresses  within 
the  elastic  limit  of  the  specimen  used.  Furthermore,  the  results  indicate  that  the  relative  changes  in  the 
temperature  dependence  of  the  velocity  due  to  stress  is  insensitive  to  composition  and  texture,  and  the 
data  obtained  on  the  different  types  of  aluminum  alloys  can  be  represented  by  a  single  relationship.  The 
sensitivity  of  the  temperature  dependence  of  the  ultrasonic  velocity  to  applied  elastic  stress  is  estima¬ 
ted  to  be  +8  MN/m2  which  compares  favorably  with  those  obtained  by  other  techniques. 


INTRODUCTION 

There  is  a  general  agreement  that  ultrasonic 
methods  appear  to  hold  the  best  promise  in  the 
nondestructive  measurements  of  bulk  stresses  in 
both  crystalline  and  non-crystalline  materials!’2 
Calculations  have  shown  that  ultrasonic  velocity 
changes  are  linear  functions  of  applied  stress  and 
unknown  stresses  can  be  deternrned  when  both  the 
velocity  in  the  absence  of  stress  as  well  as 
third-order  elastic  constants  are  known  indepen¬ 
dently.  The  measured  velocity,  however,  strongly 
depends  on  microstructural  features  which  makes  it 
necessary  to  develop  a  calibration  between  velocity 
and  stress  in  order  to  be  used  in  the  determination 
of  unknown  stresses.  In  addition,  development  of 
preferred  orientations  (texture)  during  deformation 
or  fatigue,  severely  modify  the  third-order  elastic 
constants.  These  problems  can  be  solved  when  the 
differences  between  velocities  of  shear  waves  po¬ 
larized  perpendicular  and  parallel  to  stress  direc¬ 
tions  are  used.  Due  to  these  differences,  a  shift 
in  phase  will  occur,  and  the  out-of-phase  components 
will  interfere  and  cause  a  change  in  intensity. 

This  method,  however,  does  not  have  at  present 
enough  sensitivity,  and  requires  an  accurate  deter¬ 
mination  of  the  shear  velocity  in  the  absence  of 
stress. 

Basically,  the  temperature  dependences  of  the 
elastic  constants  of  a  solid  are  due  to  the  anhar- 
monic  nature  of  the  crystal  lattice,  A  measure  of 
the  temperature  dependence  of  the  ultrasonic  velo¬ 
city  can,  therefore,  be  used  to  evaluate  bulk 
stresses.  Experiments  undertaken  on  aluminum  and 
copper3’4  elastically  deformed  in  compression  showed 
that  the  ultrasonic  velocity,  in  the  vicinity  of 
room  temperature,  changed  linearly  with  temper rune, 
and  the  slope  of  the  linear  relationship  char, geo 
considerably  as  the  amount  of  applied  stress  was 
varied.  In  aluminum,  the  relative  changes  of  the 
temperature  dependence  of  longitudinal  velocity  in¬ 
creased  by  as  much  as  23%  at  a  stress  of  approxi¬ 
mately  96  MPa.  The  linear  relationship  between  the 
temperature  dependence  of  the  ultrasonic  velocity 
and  the  applied  stress  was  then  used  to  determine 
the  change  as  a  function  of  distance  of  the  tangen¬ 
tial  component  of  the  stresses  developed  when  an 
aluminum  rod  was  shrunk  fit  into  a  slightly  smaller 


hole  drilled  into  an  aluminum  disc.  Excellent 
agreement  was  obtained  between  the  computed  stress 
distribution,  and  that  measured  using  the  tempera¬ 
ture  dependence  method. 

In  this  paper,  the  effect  of  tensile  elastic 
stresses  on  the  temperature  dependence  of  the  longi¬ 
tudinal  ultrasonic  velocity  has  been  studied  in 
three  aluminum  specimens  of  types  6064-T4,  2024-T351, 
and  3003-T251 ,  The  results  obtained  on  these  speci¬ 
men  show  that  the  relative  change  in  the  tempera¬ 
ture  dependence  of  ultrasonic  velocity  is  a  linear 
function  of  the  amount  of  elastic  tensile  stress 
applied.  The  results  also  indicate  that  the  changes 
in  the  temperature  dependence  due  to  stress  is 
insensitive  to  composition  and  texture,  and  the 
data  obtained  on  the  different  types  of  aluminum 
alloys  can  be  represented  by  a  single  relationship. 

EXPERIMENTAL 

The  ultrasonic  velocity  was  measured  on  three 
aluminum  specimens  of  types  6064-T4,  2024-T351, 
and  3003-T251  at  temperatures  ranging  between  230 
and  280K,  using  the  pulse-echo-overlap  method. 

Figure  1  displays  the  experimental  system  used  in 
this  work,  which  is  capable  of  measuring  changes  in 
the  ultrasonic  velocity  with  an  accuracy  of  better 
than  1  part  of  105.  This  system  has  been  described 
in  detail  elsewhere5.  The  velocity  measurements 
were  made  while  the  specimen  was  subjected  to  vari¬ 
ous  amounts  of  tensile  stresses  using  the  arrange¬ 
ments  shown  in  Figure  2.  In  this  arrangement,  the 
specimen  Is  gripped  in  an  Instron  machine  where  a 
predetermined  load  is  applied  and  its  value  is  kept 
constant  during  the  entire  velocity  measurements. 

RESULTS 

In  all  measurements,  the  velocr  •  was  found  to 
decrease  linearly  with  temperature,  t,..;  the  slope  of 
the  linear  relationship  decreased  as  the  amount  of 
applied  tensile  stress  is  increased  within  the 
elastic  limit  of  the  specimen.  A  typical  example 
of  the  results  obtained  on  the  type  3003-T251  alumi¬ 
num  is  shown  in  Figure  3,  where  the  loi  gitudinal 
velocity  is  plotted  vs  temperature  at  stress  0,  32.8, 
48.6,  and  85.1  MPa.  The  values  of  the  temperature 
dependence  of  ultrasonic  velocity  (dV^/dT)  obtained 
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Fig.  1.  Pulse-echo-overlap  system  for  measuring  ultrasonic  velocity. 


at  various  amounts  of  stress  on  the  three  specimens 
are  listed  in  Table  I.  Because  the  values  of 
(dVj/dT)  at  zero  stress  were  found  to  vary  from  one 
type  of  aluminum  to  the  other,  the  relative  change 
in  the  temperature  dependence.  A,  due  to  the  appli¬ 
cation  of  stress  was  calculated,  and  its  values  are 
listed  in  Column  4  of  the  Table. 


TABLE  1 


Variations  of  the  Temperature  Dependence  of 
Longitudinal  Ultrasonic  Velocity  with 
Applied  Tensile  Stress  in  Aluminum 


Applied  Stress 

-dV/dT 

Specimen 

(MPa) 

(m/s  k) 

% 

6060-T4  #1 

0 

1.304 

0 

36.5 

1.205 

7.59 

60.8 

1.155 

11.44 

91.2 

1.091 

16.33 

2024-T351  #2 

0 

1.187 

0 

24.2 

1.137 

4.2 

73.0 

1.073 

9.6 

3003-T251  #3 

0 

1.251 

0 

32.8 

1.167 

6.7 

48.6 

1.117 

10.7 

85.1 

1.039 

16.9 

Fig.  2.  System  used  for  the  application  of  stress 
during  the  ultrasonic  measurement. 
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Fig.  3.  F.ffect  of  applied  tensile  stress  on  the 
temperature  dependence  of  ultrasonic  lon¬ 
gitudinal  velocity  in  aluminum.  Stress  is 
applied  in  a  perpendicular  direction  to 
the  direction  of  propagation  of  the  ultra¬ 
sonic  waves. 


APPLIED  TENSILE  STRESS  (MPa.) 


Fig.  4.  Percentage  of  the  relative  change  in  the 
temperature  dependence  of  ultrasonic  lon¬ 
gitudinal  velocity  as  a  function  of  applied 
stress  in  aluminum. 
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The  relative  changes  in  the  temperature  depen¬ 
dence  [(dV/dT)0  -  (dV/dT)0]/(dV/dT)0  obtained  on  the  '.1 . 
three  specimens  are  plotted  as  a  function  of  applied 
tensile  stress  in  Figure  4.  The  figure  shows  that 
the  data  points  can  be  represented  by  a  straight  2. 

line  which  passes  through  the  origin.  This  indi¬ 
cates  that,  regardless  of  the  type  of  aluminum  used, 
the  relative  change  in  the  temperature  dependence  is  3. 
a  linear  function  of  the  applied  stress  and  can  be 
represented  by, 

4. 


(dV/dT)a  -  (dV/dT)0 


(1)  5. 


where  K  is  a  constant  equals  1.9  x  10’3  per  MPa 
(1.3  x  10‘2  per  KSI).  This  value  of  K  is  about  20%  6. 

smaller  than  that  obtained  when  compressive  stresses 
are  used  in  the  measurements. 
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SUMMARY  DISCUSSION 


Martin  Scott  (Stanford);  What  was  the  temperature  range  in  your  measurement? 

Kamel  Salama  (University  of  Houston);  We  measured  from  about  280  down  to  220K.  We  are  In  the  process 
of  using  higher  temperature  that  goes  from  300  degrees  to  350  or  360K.  Usually,  somewhere 
between  50  and  70  degrees  is  quite  adequate  to  give  you  a  good  determination  for  the  slope  of 
the  velocity  as  a  function  of  temperature. 

Christian  Burger  (Iowa  State);  You  were  making  your  measurements  through  the  thickness,  so  you  were 
essentially  looking  at  the  plane-stress  problem? 

Kamel  Salama:  In  all  cases  used  in  the  calibration,  the  stress  applied  turned  out  to  be  axial.  The 
component  of  stress  which  affected  the  change  in  the  temperature  dependence  Is  the  axial 
component.  We  confirmed  this  conclusion  by  having  a  specimen  In  an  Instron  machine  where  you 
are  applying  a  pure  uniaxial  stress  and  do  the  velocity  temperature  measurements,  and,  as  I 
said.  It  was  about  15  percent  smaller  than  what  we  got  In  the  previous  measurements. 

Christian  Burger;  My  difficulty  Is  really  with  this  interference  problem  you  have  on  the  board.  How 
did  you  get  rid  of  interference? 

Kamel  Salama:  These  measurements  were  done  using  shear  waves.  We  made  three  measurements,  one 

longitudinal,  which  turned  out  to  be  constant,  where  the  temperature  dependence  had  no  change  - 
or  no  considerable  change  as  a  function  of  the  distance.  The  second  measurement  was  where  the 
particle  velocity  was  In  the  tangential  direction,  the  third  measurement  was  where  the  particle 
velocity  is  toward  the  radius.  And  these  measurements  were  obtained  from  the  temperature 
dependence  where  the  particle  velocity  is  perpendicular  to  that  line. 

Christian  Burger:  Thank  you. 

William  Pardee,  Chairman  (Science  Center):  I  would  like  to  offer  Professor  Salama  my  congratulations. 

We  are  less  than  15  minutes  behind,  Inspite  of  having  one  extra  talk.  There  has  been  some 
complaint  at  previous  sessions  that  the  stampede  towards  the  door  at  the  end  of  the  session  has 
made  it  Impossible  to  hear  the  questions.  I  would  ask  you  to  offer  the  last  Speaker  the 
courtesy  of  a  few  brief  questions,  If  necessary. 


EFFECT  OF  GRAIN  SIZE  AND  PREFERRED  CRYSTAL  TEXTURE  ON 
ACOUSTIC  PROPERTIES  OF  304  STAINLESS  STEEL 


N.  Grayeli,  F.  Stanke,  G.  S.  Kino,  and  J.  C.  Shyne 
Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  94305 


ABSTRACT 

Several  acoustic  properties  have  been  measured  in  an  annealed  round  rolled  bar  of  type  304  stainless 
steel.  These  properties  were  observed  to  depend  upon  both  microstructure  and  the  non-random  crystal 
texture  of  this  single  phase,  polycrystal  1 inet  face-centered  cubic  alloy.  All  measurements  were  made 
with  longitudinal  waves  propagating  parallel  to  the  bar  axis.  The  acoustic  velocity  was  observed  to  be 
0.3%  higher  near  the  outer  surface  than  along  the  center  of  the  bar,  consistent  with  a  stronger  [111] 
texture  in  the  outer  fibers  than  at  the  center.  The  attenuation  coefficient  at  the  center  was  twice  as 
large  as  at  the  outer  surface.  The  measured  difference  in  grain  size  at  the  center  and  surface  was 
consistent  with  the  observed  attenuation  difference.  The  acousto-elastic  coefficient  measured  for  a 
uniaxial  tension  stress  applied  along  a  bar  diameter  was  at  least  20%  higher  at  the  bar  center  than  at 
its  outer  surface. 


INTRODUCTION 

The  acoustic  properties  of  solid  material 
depend  on  their  microstructure.  This  paper 
describes  efforts  to  correlate  several  acoustic 
properties  with  microstructural  variations  and 
preferred  crystal  texture  in  304  stainless  steel. 
Three  acoustic  properties  were  measured, 
longitudinal  wave  velocity,  attenuation 
coefficient,  and  acousto-elastic  constant. 


SPECIMEN  MATERIAL 


Type  304  stainless  steel  was  chosen  as  a 
relatively  simple,  experimental  convenient  specimen 
material.  304  is  the  most  common  member  of  the 
austenitic,  18  chromium  plus  8  nickel,  family  of 
stainless  steels.  The  microstructure  consists 
(ideally)  of  a  single  phase,  face-centered  cubic 
iron  containing  chromium  and  nickel  in  solution. 

The  microstructure  is  an  aggregate  of  many  grains 
(crystallites).  Figure  1  shows  the  specimen 
microstructure. 
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Fig.  1.  Photomicrographs  of  the  304  stainless 

steel  bar  grain  structure  (a)  at  surface 
and  (b)  center  radial  position. 


The  specimen  material  was  taken  from  a 
76  mm  diameter,  rolled  bar  of  304  stainless 
steel.  Flat  acoustic  test  specimens  1.5  cm  thick 
were  cut  transverse  to  and  parallel  to  the  bar 
axis,  as  shown  in  Fig.  2. 


304  SST  BAR 


TRANSVERSE  SAMPLE  LONGITUDINAL  SAMPLE 


Fig.  2.  Sample  configuration  for  velocity  and 
attenuation  measurements. 


In  ti  is-received  condition,  the  average 
grain  size  about  100  rm  ,  but  with  a  small 

size  gradii  im  center  to  surface.  The  average 
grain  diami  „  the  center  was  120  urn  ,  and  it 
decreased  to  90  pm  at  the  surface.  Grain  size 
was  determined  by  a  mean  intercept,  lineal 
analysis.  The  reported  average  grain  diameters  are 
the  true  three-dimensional  grain  size.  Average 
grain  diameter  is  plotted  in  Fig.  3.  The  grain 
structure  appeared  perfectly  equiaxed  (no  shape 
anisotropy) . 

To  eliminate  any  effect  of  residual  stresses 
possibly  resulting  from  the  steel  manufacturing 
process,  a  transverse  specimen  of  the  bar  stock  was 
annealed  at  1093°C  for  one  hour,  then  air  cooled. 
This  caused  a  litt'e  grain  growth.  After  annealing 
the  center  average  grain  size  had  increased  to 
128  urn  ,  while  at  the  surface,  no  measurable  grain 
growth  had  occurred.  The  annealed  grain  size  is 
plotted  in  Fig.  3. 
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Fig.  3.  Average  grain  diameter  vs.  radial  position 
ir  304  stainless  steel  as-received  and 
annealed. 

Although  the  grain  structure  gave  no 
indication  of  anisotropy  (directionality),  some 
degree  of  preferred  crystal  orientation  must  have 
existed  in  this  wrought  304  stainless  steel  bar. 
This  is  an  unavoidable  consequence  of  any  plastic 
forming  process.  Rolling,  wire  drawing,  extrusion, 
etc,  invariably  cause  some  non-randomness  in  the 
crystal  orientation  of  the  small  grains  comprising 
the  polycrystalline  microstructure.  The  degree  of 
nonrandomness  or  preferred  orientation  depends  on 
the  material  and  its  thermal -mechanical  processing 
history.  For  face-centered  cubic  metals  such  as 
304  stainless  steel,  we  must  expect  some  degree  of 
[111],  [100],  or  mixed  [111]  and  [100]  tiber 
texture.  That  is,  a  larger  than  random  proportion 
of  grains  will  be  aligned  with  a  [111]  (cube 
diagonal)  or  a  [100]  (cube  edge)  crystal  direction 
oriented  close  to  the  longitudinal  axis  of  the  bar 
(parallel  to  the  rolling  direction). 

Any  material  property  that  depends  on  crystal 
orientation  will  be  anisotropic  in  polycrystalline 
materials  with  preferred  crystal  texture.  Acoustic 
velocity,  depending  directly  on  elastic  constants, 
is  directly  affected  by  a  preferred  crystal 
texture,  and  it  will  be  directionally  dependent. 


Fig.  4.  Acoustic  velocity  scans  along  bar 

diameters  in  as-received  304  stainless 
steel.  Velocity  variation  is  normalized 
relative  to  the  center  of  the  bar. 


CENTER 


304  STAINLESS  STEEL  AS  RECEIVED 


Fig.  5.  Isovelocity  contours  on  a  cross  section  of 
rolled  round  bar  of  as-received  304 
stainless  steel . 


ACOUSTIC  VELOCITY 

The  longitudinal  acoustic  wave  velocity  at 
5  MHz  was  measured  in  the  304  stainless  steel 
using  a  two-pulse  echo  system  described 
elsewhere.1  The  accuracy  of  these  measurements  was 
better  than  i0.02%  ,  being  limited  by  the  acoustic 
path  length  measurement  (specimen  thickness).  The 
velocity  was  measured  at  different  radial  positions 
along  bar  diameters  in  both  the  transverse  and 
longitudinally  cut  acoustic  specimens.  Figure  4 
shows  how  the  acoustic  velocity,  measured  parallel 
to  the  rolling  direction,  varied  with  radial 
position  in  the  as-received  304  stainless  steel. 

The  velocity  was  about  0.25%  higher  at  the 
surface  of  the  bar  than  at  its  center. 

It  is  apparent  that  the  pattern  of  velocity 
variation  in  the  bar  is  approximately  cylindrically 
symmetrical.  Figure  5  shows  an  acoustical  velocity 


scan  of  the  center  region  of  the  transverse 
specimen;  the  isovelocity  contours  are  roughly,  but 
not  perfectly,  circular. 

The  acoustic  velocity  and  its  spatial  pattern 
was  practically  identical  in  the  annealed  and 
as-received  transverse  specimens.  In  the 
longitudinally-cut  specimen,  the  acoustic  velocity 
was  nearly  indepedent  of  radial  position,  and  was 
generally  higher  than  in  the  transverse 
speci, nens.  These  measured  velocities  are  plotted 
vs.  position  in  Fig.  6. 

In  fece-centered-cubic  crystals,  the 
longitudinal  elastic  constant  is  highest  in  [Ill] 
directions  and  lowest  in  [100]  directions, 
therefore  a  [100]  fiber  texture  will  reduce  the 
acoustic  velocity  in  the  direction  of  the  fiber 
axis,  while  a  [111]  fiber  texture  will  increase  the 
longitudinal  acoustic  velocity  in  that  direction. 
Comparison  of  the  measured  longitudinal  acoustic 
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304  STAINLESS  STEEL 

ASRECEIVEL  TRANSVERSE  SAMPLE 
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Fig.  6.  Acoustic  velocity  measured  at  radial 

position  in  transverse  and  longitudinal 
samples. 


velocity  changes  parallel  to  and  perpendicular  to 
the  fiber  axis,  with  the  predicted  influence  on 
velocity  by  [100]  ar.d  [111]  fiber  textures 
indicates  that  the  ratio  of  the  amount  or  strength 
of  [111]  fiber  texture  to  [100]  fiber  texture, 
Triin/Ynoo]  *  is  lar9est  at  the  surface  and  is 
smat TestLatuthe  center.  This  could  happen  by  the 
[100]  texture  strength  decreasing  from  center  to 
surface,  by  the  [111]  texture  strength  increasing 
from  center  to  surface,  or  both. 


CHARACTERIZATION  OF  TEXTURE  BY  X-RAY  DIFFRACTION 

An  X-ray  diffractometer  was  used  to  detect  the 
kind  and  amount  of  texture  in  the  304  stainless 
steel  bar  and  also  to  determine  the  variation  of 
texture  from  the  center  to  the  surface  of  the  round 
bar.  The  intensities  of  diffraction  peaks  were 
measured  at  different  locations  along  the  diameter 
in  the  as-received  bars.  The  X-ray  diffraction 
line  intensities  measured  on  specimens  cut 
longitudinal  or  transverse  to  the  bar  axis  are  in 
proportion  to  the  density  of  crystallites  with  the 
corresponding  reflecting  crystal  planes  oriented 
parallel  to  or  transverse  to  the  oar  axis.  (There 
ir.  no  (100)  X-ray  peak;  the  density  of  (100)  planes 
is  proportional  to  the  (200)  X-ray  peak 
intensity.) 

Comparison  of  the  intensity  of  the  (111)  and 
(200)  diffraction  peaks  at  different  locations 
along  the  diameter  of  the  sample  shows  that  the 
intensity  of  the  (200)  diffraction  was  stronger  at 
the  center  and  weaker  away  from  the  center  toward 
the  surface.  Also,  the  intensity  of  (111) 
diffraction  was  stronger  at  the  surface  and  weaker 
at  the  center  for  the  transverse  sample.  In  the 
longitudinal  sample,  the  (111)  peak  intensity  is 
uniform  along  the  diameter  of  the  sample,  while  the 
(200)  peak  was  slightly  stronger  at  the  center  than 
at  the  surface.  A  direct  comparison  of  the 
intensities  of  the  (111)  and  (200)  diffraction 
peaks  between  longitudinal  and  transverse  surface 
orientations  would  be  of  doubtful  significance, 
because  the  differently  oriented  samples  did  not 
include  the  identical  bar  diameter.  (The  acoustic 
velocity  scan  suggested  some  deviation  from  perfect 
circular  symmetry.)  Table  1  shows  the  (100)  and 
(200)  X-ray  diffraction  peak  intensities,  I,,j  , 

1 200  •  and  the  ratio  of  [lll/^200  al°n9  trie 
diameter  of  the  bar. 


X-Ray  Diffraction  Peak  Intensities 
(arbitrary  units) 

Longitudinal  Sample 


Position 

!200 

hn 

hn/^oo 

surface 

2.15 

5.5 

2.558 

half 

2.18 

5.5 

2.523 

center 

2.25 

5.5 

2.443 

Transverse  Sample 


Position 

!200 

hn 

hn/^oo 

surface 

1.4 

6.5 

4.357 

half 

1.49 

5.95 

3.993 

center 

1.6 

5.8 

3.625 

With  [111]  and  [100]  fiber  textures, 
variations  in  the  texture  strength  along  the 
diameter  should  cause  only  minimal  variation  in 
peak  intensities  measured  in  the  longitudinal 
specimen.  However,  when  measured  on  the  transverse 
sperimen,  the  intensities  should  sensitively 
reflect  variations  in  fiber  texture  strength.  The 
ratio  of  (111)  and  (200)  peak  intensities  was 
almost  independent  of  radial  position  on  the 
longitudinal  sample,  but  varied  considerably  in  the 
transverse  specimen,  as  shown  in  Fig.  7.  These 
X-ray  data  indicate  that  there  is  a  duplex 
[111]  +  [100]  fiber  texture  with  the  strength  of 
the  [111]  component  increasing  from  center  to 
surface  while  the  [100]  component  decreases  from 
center  to  surface. 


Fig.  7.  X-ray  line  intensity  ratio  and  acoustic 
velocity  measured  at  varying  radial 
positions  in  304  stainless  steel  bar. 


These  X-ray  data  confirm  the  conclusion  drawn 
from  the  acoustic  velocity  measurements  that  the 
ratio  of  [111]  to  [100]  fiber  texture  increases 
from  the  center  to  the  surface. 


ATTENUATION  MEASUREMENTS 

In  contrast  to  acoustic  velocity,  acoustic 
attenuation  is  strongly  influenced  by 
microstructure.  As  an  acoustic  plane  wave  nasses 
through  a  medium,  it  dissipates  energy  by  a  variety 
of  processts,  and  the  wave  amplitude  decreases 
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accordingly.  Letting  U  be  the  wave's 
displacement  amplitude  and  x  the  acoustic  path 
length: 


U(x)  =  U0  exp  (-ax)  (1) 

where  Up  is  the  amplitude  at  x  *=  0  and  a  is 
the  attenuation  coefficient,  usually  expressed  in 
dB  per  distance. 

Attenuation  measurements  were  made  on  the 
transverse  cut  acoustic  specimens  of  the  304 
stainless  steel  bar.  Attenuation  was  measured  at 
different  radial  positions  to  study  the  influence 
of  grain  size  and  preferred  orientation.  A  three 
pulse-echo  method  was  used  with  a  10  MHz 
broadband  transducer. ’  The  attenuation  was 
measured  from  5  to  10  MHz  ,  corrected  for 
diffraction,  and  plotted  as  a  function  of 
frequency.  Figure  8  shows  these  data  for  the 
annealed  sample;  almost  identical  attenuation  data 
were  obtained  from  the  as-received  304  stainless 
steel . 


FREQUENCY  MHz 

Fig.  8.  Acoustic  attenuation  vs.  frequency 

mesaured  at  various  radial  positions, 

(1)  at  the  center,  (2)  and  (3)  10  mm, 

(4)  and  (5)  ''0  mm,  (6)  and  (7)  25  mu  from 
the  center  in  the  annealed  304  stainless 
steel  bar. 

In  the  range  of  acoustic  frequencies  used, 
attenuation  occurs  predominantly  by  grain  boundary 
scattering  in  single  phase  polycrystalline 
metals.  When  the  wavelength  of  the  propagating 
acoustic  wave  is  much  larger  than  the  grain 
diameter,  Rayleigh  scattering  is  the  predominant 
attenuation  mechanism.  In  that  case,  the 
attenuation  is  expressed  by 


Or  =  SpVf4  (2) 


At  higher  frequencies  when  the  wavelength  becomes 
comparable  to  the  grain  diameter,  the  attenuation 
is  controlled  by  stochastic  scattering,  expressed 
by 

cs  =  S'u2tif2  (3) 


In  these  two  relations,  u  is  the  elastic 
anisotropy  factor  for  each  metal  crystallite,  T) 
is  the  average  grain  diameter,  S  and  S' 
contain  velocity  terms,  and  f  is  the  acoustic 
frequency. 

The  attenuation  vs.  frequency  data  of  Fig.  8 
were  fitted  to  an  equation  of  the  form 


a  =  Afm  (4) 


The  frequency  exponent,  n  ,  decreased  from  4.0 
at  the  su  face  to  3.44  at  the  center.  This 
indicates  that  the  acoustic  attenuation  occurred 
almost  entirely  by  Rayleigh  grain  scattering.  At 
the  bar  center,  the  n  value  of  3.44  ,  indicating 
some  stochastic  scattering,  is  consistent  with  the 
larger  grains  at  the  center. 

The  attenuation  was  highest  at  the  center 
position  and  decreased  toward  the  surface. 

Figure  9  shows  attenuation  vs.  radial  position  in 
the  annealed  304  stainless  steel  as  measured  at 
three  frequencies.  This  variation  in  attenuation 
with  position  was  caused  by  the  gradient  in  grain 
size  trom  center  to  surface. 


30  20  10  0  10  20  30 

OISTANCE  FROM  CENTER  (mm) 


Fig.  9.  Acoustic  attenuation  coefficient 

vs.  radial  position  in  the  annealed  304 
stainless  steel . 
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ACOUSTOELASTIC  EFFECT 

Because  the  elastic  constants  of  materials  are 
not  quite  independent  of  the  state  of  elastic 
stress,  acoustic  wave  velocity  depends  o«  the  state 
of  static  stress  of  the  acoustic  medium.  This 
manifestation  of  nonlinear  elasticity,  the 
acousto-elastic  effect,  provides  the  basis  for 
acoustic  nondestructive  stress  measurement.  For 
example,  in  an  elastically  isotropic  solid  in  a 
state  of  plane  stress,  the  longitudinal  acoustic 
velocity  perpendicular  to  the  stress  plane  is 
linearly  proportional  to  the  static  stress 
ampl itude: 


Vc  =  VV0B("x+V  (5) 


or 


iVJal  .  .  v 

V0 


where  V  and  Vg  are  the  acoustic  velocity  in 
the  stressed  and  unstressed  states,  o  and  a 
are  the  principal  values  of  the  staticstress,  y 
and  B  is  an  acousto-elastic  coefficient,  an 
elastic  property  of  the  material: 


pH  -  X(m  +  X  +  2p) 

B  - - (7) 

u(X  +  2p)(3A  +  2m) 


where  \  and  p  are  the  familiar  Lame  linear 
elastic  constants,  while  t  and  m  are  two  of  the 
three  third  order  Murnaghan  nonlinear  isotropic 
elastic  constants.  Other,  similarly  constituted, 
acousto-elastic  constants  are  appropriate  for  other 
stress  goemetries,  shear  waves,  etc.  In  principle, 
the  relative  change  in  acoustic  velocity  is 
linearly  proportional  to  stress,  and  the 
acousto-elastic  constant  of  proportionality,  such 
as  B  ,  is  a  simple  isotropic  property  of  the 
material;  in  reality,  it  is  not. 


One  difficulty  complicating  the  development  of 
practical  acousto-elastic  stress  measurements  is 
the  variability  and  anisotropy  of  the 
acousto-elastic  coefficients.  An  example  of 
variations  that  occur  in  the  acousto-elastic 
coefficient  B  was  observed  with  the  304  stainless 
steel  bar  described  above. 


A  piece  was  removed  from  the  76  mm  diameter 
round  bar,  as  depicted  in  Fig.  10.  Pin  grip  end 
pieces  were  welded  onto  the  stainless  steel  sample 
so  that  a  tensile  stress  could  be  applied;  the 
stress  axis  coincided  with  a  diameter  of  the 
original  bar  stock.  After  welding,  the  sample  was 
annealed  at  1100°  C  for  one  hour  to  remove 
residual  stress.  The  acoustic  velocity  of 
longitudinal  acoustic  waves  was  measured  along  the 
gauge  section  of  the  composite  tension  test 
specimen  at  different  values  of  applied  tensile 
stress.  From  those  data,  the  acousto-elastic 
coefficient  B  was  obtained  as  a  function  of 
radial  position  in  the  304  stainless  steel  bar. 
Figure  11  shows  B  as  a  function  of  radial 
position. 

The  pronounced  v<  riation  in  the 
acousto-elastic  coefficient  plotted  in  Figure  li 


304  stainless  steel  sample 


Fig.  10.  Tension  test  specimen  constructed  from  304 
stainless  steel  bar  to  measure 
acoustoelastic  coefficient. 


304  STAINLESS  STEEL 
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Fig.  11.  Acoustoelastic  coefficient  vs.  radial 
position  in  304  stainless  steel  bar. 

can  be  related  to  the  radial ly-varyi ng  fiber 
texture  discussed  in  connection  with  acoustic 
velocity  measurements  and  to  the  welds  used  to 
construct  the  specimen.  The  wild  fluctuations  in 
B  values  measured  30  mm  and  farther  from  the 
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original  center  line  of  the  round  bar  occur  in  the 
welds  (weld  material  is  also  304  stainless 
steel).  Between  the  welds,  the  measured  B  values 
are  highest  at  the  center  line  and  are  lower  toward 
the  outer  surface  of  the  bar.  This  variation  is 
consistent  with  the  radially-varying  fiber  texture 
pattern  observed  in  the  bar.  The  fine  scale 
variation  in  B  near  the  center  of  the  bar  is  not 
understood.  Possibly  it  may  reflect  fine  scale 
variations  in  the  texture.  The  acoustic 
measurements  were  made  using  an  acoustic  beam 
1.5  nui  in  diameter  capable  of  spatially  resolving 
the  plotted  fine  scale  B  variations. 

While  explanations  for  the  variability 
encountered  in  measuring  acousto-elastic 
coefficients  are  incomplete  and  necessarily 
tentative,  it  is  clear  that  large  variations  do 
occur  even  from  point  to  point  in  the  same  piece  of 
material.  Such  variations  must  be  better 
understood  if  the  full  potential  of  acousto-elastic 
stress  measurements  is  to  be  achieved. 


SUMMARY 

The  acoustic  properties  of  a  bar  of  304 
stainless  steel  were  observed  to  depend  upon 
position  and  orientation  in  a  manner  coincident 
with  the  variation  of  grain  size  and  preferred 
crystal  texture  in  the  bar.  Acoustic  velocity  was 
demonstrated  to  be  a  sensitive  measure  of  preferred 
texture  and  acoustic  attenuation  could  be 
correlated  with  small  variations  in  grain  size. 

The  acousto-elastic  coefficient  exhibited  a 
position  dependence  apparently  related  to  local 
variations  in  preferred  texture. 


ACKNOWLEDGMENT 

The  work  described  in  this  paper  was  performed 
as  part  of  a  research  program  on  acoustic 
nondestructive  testing  sponsored  by  the  Air  Force 
Office  of  Scientific  Research,  Contract 
No.  F49620-79-C-0217. 


REFERENCES 

1.  D.  B.  Ilic,  G.  S.  Kino,  and  A.  R.  Selfridge, 
Rev.  Sci,  Inst,  50  (17),  1527-1531  (1979). 

2.  N.  Grayeli,  D.  B.  Ilic,  F.  Stanke,  G.  S.  Kino, 
and  J.  C.  Shyne,  Proceedings  of  the  DARPA/AFML 
Review  of  Progress  in  Quantitative  NDE, 
429-434,  (1980). 

3.  I.  M.  Lifshits  and  G.  D,  Parkhomovcski i , 
Zhur-EKSP-iteoret. ,  Fiz,  Z0_,  175  (1950). 


274 


r 


SUMMARY  DISCUSSION 


William  Pardee,  Chairman  (Rockwell  Science  Center):  Are  there  aqy  questions? 

Unidentified  Speaker;  What  was  the  slope  of  your  attenuation,  what  was  the  power,  and  what  was  the 
frequency? 

Frederick  Stanke  (Stanford  University):  The  power  slope  varied  between  the  curves  I  showed  you,  between 
3.5  and  -4.  The  highest  was  3.9.  For  this  sample,  the  slope  of  the  attenuation  was  somewhat 
lower  in  the  center  of  the  sample.  That  is  what  we  would  expect  because  the  grains  are  larger 
so  the  Rayleigh  approximation  Is  not  as  good.  At  the  outside  of  the  sample  where  the  grains 
are  smaller,  It  approached  up  to  the  fourth. 

Unidentified  Speaker:  Can  you  take  into  account  any  sort  of  damping  with  dislocation,  and  would  that  be 
affected  by  an  annealing? 

Frederick  Stanke:  Yes.  What  I  have  described  Is  simply  a  measurement  system.  We  have  measured  the 

attenuation,  and  our  job  now  Is  to  Interpret  what  that  attenuation  comes  from,  and  theory  needs 
to  be  done.  Dislocation  attenuation  hasn't  been  something  that  we  have  looked  into  a  lot.  I 
was  under  the  impression  that  the  level  would  be  much  lower  than  what  we're  meisuring. 
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t.ASTIC  WAVE  SCATTERING  FROM  MULTIPLE  AND  ODD  SHAPED  FLAWS 
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Department  of  Engineering  Mechanics 
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ABSTRACT 

Using  the  T-Matrix  or  Null  Field  method  elastic  wave  scattering  from  the  following  geometries  have 
been  studied  (a)  Rotationally  symoetric  configurations  consisting  of  two  spheroidal  cavities  separated  by 
a  finite  distance  and  with  different  eccentricities.  Exact  calculations  are  compared  with  single  scatter¬ 
ing  approximations.  The  frequency  spectra  are  interpreted  for  various  scattering  geometries  and  compared 
with  experiments.  The  effect  of  change  in  distance  between  the  scatterers  is  also  discussed. 

(b)  Scattering  from  rotationally  symmetric  cavities  with  odd  shapes  like  "Pinnochio",  Rockwell  Science 
Center  sample  #73  and  "Micky  Mouse",  Rockwell  Science  Center  sample  #70  was  also  studied  and  compared  with 
numerical  results  using  other  techniques  as  well  as  experiments.  Several  ways  of  studying  such  problems 
is  also  discussed,  (c)  A  numerical  technique  is  proposed  to  study  dynamic  stress  concentrations. 


INTRODUCTION 

The  study  of  elastic  wave  scattering  from  two 
cavities  has  important  implications  from  an  NDE  and 
fracture  mechanics  point  of  view.  In  many  practi¬ 
cal  applications  it  is  desirable  to  find  out 
whether  the  flaw  is  a  single  one  or  two  closely 
spaced  ones  separated  by  a  small  distance.  In  the 
latter  case,  it  may  be  quite  likely  that  the  two 
flaws  (cracks)  will  propagate  towards  each  other- 
according  to  fracture  mechanics  principles  increas¬ 
ing  the  possibility  of  failure.  In  such  cases, 
dynamic  stress  concentrations  on  the  surface  of 
each  cavity  particularly  at  corners  and  edges 
becomes  relevant.  This  report  deals  with  the  scat¬ 
tering  from  two  flaws  separated  by  a  finite  dis¬ 
tance  (Fig.  1),  odd  shaped  or  compound  flaws  (Fig. 

2)  and  the  study  of  dynamic  stress  concentrations 
on  the  boundary  of  infinitely  long  cylindrical 
samples  (2-D  problems)  with  singular  corners  (Fig. 

3) .  Whenever  possible  theoretical  results  are 
compared  with  available  experimental  results. 

In  a  previous  report1,  we  gave  a  self- 
consistmt  formulation  to  obtain  the  T-matrix  of 
two  flaws  separated  by  a  finite  distance.  The 
expression  that  we  obtained  was  identical  to  that 
given  earlier  by  Peterson  and  Stroiir  for  electro¬ 
magnetic  wave  scattering  from  a  configuration  of 
two  scatterers.  Recently  Bostrom4  has  obtained 
limited  numerical  results  for  elastic  wave  scatter¬ 
ing  from  two  cavities.  Using  the  expression  for 
the  T-matrix  as  given  in  Ref.  1.  we  have  made 
calculations  of  the  scattering  from  dissimilar  or 
similar  spheroidal  cavities  for  a  range  of  frequen¬ 
cies  and  a  variety  of  scattering  geometries.  In 
all  these  calculations  the  configuration  is 
rotationally  symmetric  about  the  chosen  z-axls.  We 
also  give  a  T-matrix  formulation  for  configurations 
without  rotational  symmetry  in  a  subsequent  section. 
This  study  is  still  In  progress.  Numerical  results 
for  rotationally  symmetric  configurations  are  dis¬ 
cussed  from  an  NDE  point  of  view. 

Follrwing  the  discussion  of  two  scatterers, 
the  problem  of  elastic  wave  scattering  from  a  com¬ 
pound  flaw  is  presented.  Ar  the  name  suggests, 
this  problem  can  be  viewed  as  the  scattering  from  a 
single  odd  shaped  flaw  or  as  a  multiple  scattering 


problem  of  two  flaws  that  are  touching  each  other. 
Both  methods  are  discussed. 

Lastly  for  a  two  dimensional  example  of  SH- 
wave  Incidence  on  a  cylinder  whose  cross-section 
has  sharp  corners,  the  dynamic  stress  concentration 
around  the  boundary  is  studied  for  several  frequen¬ 
cies  ana  angles  of  Incidence.  Details  of  this 
calculation  may  be  found  In  a  separate  report  by 
Wall,  Varadan  and  Varadan4. 

DISCUSSION  OF  RESULTS  FOR  ROTATIONALLY  SYMMETRIC 
CONFIGURAi  IONTOF  TWO  SCAtTEKERS  " 

Plane  harmonic  elastic  waves  are  incident  on 
the  configuration  shown  in  Fig.  1.  both  flaws  that 
are  separated  by  a  distance  ' 2d 1  arc  figures  of 
revolution  about  the  common  z-axis.  Thus,  without 
loss  of  generality  the  plane  of  injidence^can  be 
assumed  tc  be  the  x-z  plane.  Let  u°  and  us  be  the 
displacement  fields  due  to  the  incident  and  scat¬ 
tered  waves,  given  by 

i°  ■  t.,K  ■  £  £  *,„„<«>  <’> 

t~1  nmo 

where  p  is  the  polarization  vector,  k  *  k/|£| 
defines  the  direction  of  propagation  of  the  inci¬ 
dent  wave  and  |k|  ■  w/c,  where  ' c 1  is  either  the 
velocity  of  P-  (longitudinal)  waves  or  S-  (trans¬ 
verse)  waves  depending  on  p.  The  vector  Re  tj'  is 
the  vector  spherical  function  that  is  regular  at 
the  origin.  Explicit  expressions  for  these  and  tne 
associated  normalization  factors  may  be  found  in 
Ref.  5.  The  scattered  field  us  may  be  represented 
as 

3 

5i<?>  ■  E  E  q*  W*'-  <2> 

i=!  nmo 

The  expansion  coefficients  f  are  unknown  and  the 
function  J  is  the  vector  spherical  function  that  is 
outgoing  at  Infinity  (see  Ref.  5).  Our  aim  is  to 
relate  the  unknown  ' f 1  to  the  known  'a1  via  the  T- 
matrix  of  the  configuration. 
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In  Ref.  1  an  expression  was  obtained  for  the 
T-matrlx  by  considering  the  total  f<eld  Incident  on 
each  scatterer  and  generalizing  the  definition  of 
the  T-matrlx.  Translation  theorems  for  the  spheri¬ 
cal  basis  functions  had  to  be  invoked  t  have  a 
comnion  origin  for  the  coordinate  system  for  the  two 
flaws.  The  final  expression  that  was  obtained  can 
be  cast  Into  the  form 

T(1  ,2)  =  RtJjT’d  -  a(-rf)T2a(23)T1)"1 

(1  +  a(-2cf)T2R(2ct)lR(4)  (3) 

+  R(-3)T2{1  -  a(23)T1a(.2j)T2}-1 

{1  +  a(2ct)T1R(-2j}}R(3) 

where  23  Is  the  vector  joining  the  centers  Oi  and 
O2  of  the  two  obstacles,  Tl  and  T2  are  the  T- 
matrlces  of  the  Individual  obstacles  with  respect 
to  parallel  coordinate  systems  centered  at  Oi  and 
O2  respectively  and  T(l,2)  is  the  T-matrlx  of  the 
configuration.  Details  of  calculating  Tl  and  T2 
may  be  found  In  Ref.  5.  The  matrices  R  and  a  are 
translation  matrices,  convenient  expressions  for 
which  are  given  In  Ref.  3. 

The  scattered  field  coefficients  may  now  be 
written  In  vector  matrix  notation  as 

f  =  T(1 ,2 )a  .  (4) 

For  Incident  P-waves,  the  coefficients  'a'  of  Eq. 

(1 )  are  given  as 


a 


•rnmo 


*nm  Pn<cos  a) 


cos  mB;o 
sin  me  ;o 


nm 


/em(2n  +  1  )(n  -  m) ! 
\ - 4n(n  +  m)! - 


1 

2’ 

(5) 


where  (a,e)  define  the  vector  k.  In  all  numerical 
calculations,  B  =  0,  since  the  x-z  plane  is  taken 
as  the  plane  of  incidence. 


As  the  distance  2cl  between  the  scatterers 
becomes  large,  the  expression  fo/  T(1 ,2 )  as  given 
In  Eq.  (3)  Is  unsuitable  for  numerical  computations 
since  the  matrix  elements  of  R(2d)  become  rather 
large.  In  this  case  it  Is  more  convenient  to  use 
certain  analytic  properties  of  the  R-matrlx  when  It 
operates  on  the  plane  wave  associated  with  the 
incident  field  and  the  outgoing  spherical  wave 
associated  with  the  scattered  field  at  distances 
far  from  the  scatterer.  This  was  first  suggested 
by  Peterson  and  Strom2.  Using  this  idea,  the  T- 
matrix  simplifies  to  the  following  form 


T(1 ,2) -r ■»  exp  i(k  d  cos  a  -  k  d  cos  e)  x 

P  T 

T1  {1  -  o(-23)T2o(23)T1}'1  x 

{1  +  o(-2<3)T2  exp  (2ik  d  cos  a)} 

P  (6) 
+  exp  i  ( K t d  cos  e  -  kpd  cos  a)  x 

T2{1  -  o(23)T1o(-23)T2}’1  x 

{1  +  o(23)T1  exp  (-21  kpd  cos  a)}. 


Z 


(b) 

'Pinnochio' 


Fig.  2  Rotationally  symmetric  com¬ 
pound  flaws. 


Fig.  3  Cylindrical 
cavity  with  sharp 
corners . 
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P-P;  a  *90*  ;  6«9<J 


P-P  *$*2,927;  a»0*  ;  8*180* 


Fig,  4  Back  scattering  cross  section  as  a  function 
of  frequency  of  identical  spheres  for  incident  P- 
waves. 


Fig.  6  Back  scattering  cross  section  as  a  function 
of  frequency  of  identical  spheres  for  Incident  P- 
waves. 


Fig.  5  Back  scattering  cross  section  as  a  function 
of  frequency  of  identical  spheres  for  incident  P- 
waves . 


k„ci 


Fig.  7  Back  scattering  from  two  Identical  spheres, 
comparison  of  experiment  and  theory. 


In  Eq.  (6),  kT  =  kp  or  ks  depending  on  the  row 
Index  of  the  appropriate  T-matrlx  element.  This 
expression  for  the  T-matrix  is  quite  well  suited 
for  '2d1  large.  The  disadvantage  Is  that  it  is  no 
longer  Independent  of  the  scattering  geometry.  The 
major  computation  in  Eq.  (6)  can  however  be  par- 
formed  Independent  of  scattering  geometry. 

If  the  matrix  Inverses  appearing  in  Eq.  (3) 


are  expanded,  one  can  identify  the  various  multiple 
scattering  processes  that  contribute  to  the  total 
scattered  field.  If  one  wants  to  include  only 
single  scattering,  then 

T(1 ,2)  -V  RtfnV-a)  +  R(-3)T2R{3)  .  (7) 

The  amplitude  of  the  scattered  longitudinal  field 
at  distances  far  from  the  origin  is  given  by 
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Fig.  8  Back  scattering  from  two  identical  spheres,  Fig.  9  Back  scattering  cross  section  of  two  sphe- 
comparlson  of  experiment  and  theory.  roids,  b-j/a  ■  0.5  and  bg/a  =  0.33,  for  Incident 

P-waves . 


Fig.  10  Back  scattering  cross  section  of  two  sphe¬ 
roids,  b-j/a  =  0.5  and  b2/a  =  0.33,  for  Incident 
P-waves. 

f(e,*)  -  EE  «nm  r"  pn(coS  e)  x 

’  p  n=0  m=0  (8; 

{flnml  cos  +  flnm2  s1n  m*}  • 

The  scattered  energy  or  the  cross  section  Is  given 
by 


Fig.  11  Back  scattering  cross  section  of  two  sphe¬ 
roids,  b-j/a  =  0.5  and  bj/a  =  0.33,  for  incident 
P-waves . 

o(e,*)  =  |  f(e  ,4.)  |2/(kpa)2  (9) 

where  'a'  is  a  characteristic  dimension  of  the 
scatterer.  Equations  (8)  and  (9)  may  be  used  for 
both  single  and  multiple  scacterer  configurations. 

In  the  numerical  results  that  follow,  if  the 
single  scattering  approximation  is  used  for  T(l,2) 
(Eq.  7),  the  scattering  cross  section  is 
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Fig.  12  Back  scattering  cross  section  of  two  sphe¬ 
roids,  bg /a  =  0.5  and  i^/a  =  0.33,  for  incident 
P-waves. 


Fig.  13  Back  scattering  cross  section  of  two  sphe¬ 
roids,  b,/a  =  0.5  and  b2/a  =  0.33,  for  Incident 
P-waves. 

distinguished  as  a.  The  two  forms  o  and  o  are  com¬ 
pared  for  several  two  scatterer  configurations.  It 
must  be  noted  that  although  o  may  be  called  a 
single  scattering  approximation,  it  still  depends 
on  the  distance  between  the  scatterers  since  the 
two  single  scattered  complex  amplitudes  are  added 
together  with  the  proper  phase.  In  the  strict 
sense,  a  single  scattering  approximation  would  just 
correspond  to  adding  the  cross  sections  of  the 
individual  scatterers  and  all  knowledge  of  the  rel¬ 
ative  phase  would  be  lost.  This  result  is 


Fig.  14  Bistatic  cross  section  of  two  spheroids, 
bg/a  =  0.5  and  bj/a  =  0.33  for  incident  P-waves. 


Fig.  15  Mode  converted  bistatic  cross  section  (P  ■+ 
S)  of  two  spheroids,  b-,/a  =  0.5  and  b2/a  =  0.33. 


completely  independent  of  the  distance  between  the 
scatterers  and  is  distinguished  as  oS-S.  We  also 
observe  that  for  back  scattering  at  90’  incidence 
for  example,  the  two  single  scattered  amplitudes 
are  in  phase  and  o  =  2oS-S. 

In  Fig.  4,  the  back  scattering  cross  section 
is  plotted  as  a  function  of  kpa  for  P-wave  inci¬ 
dence  perpendicular  to  the  line  joining  two  identi¬ 
cal  spheres  of  radius  a.  In  this  case  o  =  2os  s  as 
discussed  above.  It  is  seen  that  o  approaches  0 
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Fig.  16  Mode  converted  bistatic  cross  section  (P  -*• 
S)  of  two  spheroids,  ^/a  =  0.5  and  b2/a  =  0.33. 


Fig.  17  Mode  converted  bistatic  cross  section  of 
two  Identical  spheres. 


as  the  distance  between  the  two  spheres  Increases. 
In  Fig.  5,  the  back  scattering  cross  section  Is 
plotted  for  P-waves  Incident  along  the  line  joining 
the  two  spheres.  It  Is  seen  that  even  when  the 
distance  between  the  two  spheres  is  as  small  as 
2.927a,  o  and  $  compare  very  well  and  display  sharp 
zeroes .  The  spacings  of  the  zeroes  can  be  corre¬ 
lated  to  the  Interference  of  waves  that  creep 
around  each  of  the  spheres.  The  path  difference 
between  the  two  waves  is  twice  the  distance  between 
the  centers  of  the  spheres  and  shows  up  in  the 


Fig.  18  Mode  converted  bistatic  cross  section  of 
two  Identical  spheres. 


kpa 


Fig.  19  Back  scattering  cross  section  for  incident 
"-waves  of  two  dissimilar  spheres,  ratio  of  radii  = 
J.O,  'a'  is  the  radius  of  the  small  sphere. 

spacing  of  the  minima.  In  Fig.  6  we  have  the  same 
scattering  geometry,  but  now  the  distance  between 
the  spheres  has  increased  to  7.927a,  resulting  in 
very  closely  spaced  minima.  In  this  case  o  was 
almost  equal  to  &  and  hence  o  is  not  displayed  in 
the  graph.  In  Figs.  7  and  8,  for  a  =  140°  and  a  = 
160°,  the  back  scattering  cross  section  is  compared 
with  experimental  results  showing  excellent  agree¬ 
ment.  The  results  were  plotted  on  the  same  graph 
by  matching  just  one  point,  the  maximum  value  of 
the  cross  section. 
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Fig.  20  Back  scattering  cross  section  for  Incident 
P-waves  of  two  dissimilar  spheres,  ratio  of  radii  = 
3.0,  'a'  is  the  radius  of  the  small  sphere. 


Fig.  21  Back  scattering  cross  section  for  incident 
P-waves  of  two  dissimilar  spheres,  ratio  of  radii  = 
3.0,  'a'  is  the  radius  of  the  small  sphere. 

In  Figs.  9-14,  the  back  scattering  cross  sec¬ 
tion  of  two  dissimilar  oblate  spheroids,  shown  in 
Fig.  la  is  considered.  The  minor  to  major  axis 
ratios  were  taken  to  be  0.5  and  0.33.  Although 
interference  of  creeping  waves  does  show  up  in  the 
cross  section,  specularly  reflected  waves  also  con¬ 
tribute  to  the  Interference  pattern,  unlike  the 
case  of  two  identical  spheres.  In  Fig.  15-18,  the 
mode  converted  cross  section  is  displayed  for  the 
geometries  in  Fig.  la  and  lb. 

The  next  geometry  that  is  considered  is  the 


Fig.  22  Back  scattering  cross  section  for  incident 
P-waves  of  two  dissimilar  spheres,  ratio  of  radii  = 
3.0,  'a'  is  the  radius  of  the  small  sphere. 


Tig.  23  Angular  variation  of  the  bistatic  cross 
section  of  'Pinnochio'  (Fig.  26)  for  P-waves  inci¬ 
dent  broadside  at  kpa  =2.0. 


case  of  two  dissimilar  spheres  of  radii  and  al • 
with  aj/A]  *  2.976  (see  Fig.  lc).  In  Fig.  19,  the 
back  scattering  cross  section  for  a  «  45°  Is  com¬ 
pared  with  that  for  a  «  135°  when  the  distance 
between  centers  is  3.4a].  In  Fig,  20,  the  distance 
has  Increased  to  8.4ai,  and  cross  sections  for  a  * 
45°  and  a  ■  135'  are  again  compared.  It  Is  also 
interesting  to  compare  Fig,  19  with  Pigs.  21  and 
22.  Figure  21  Is  the  hack  scattering  cross  section 
for  o-  »  180°,  Illuminating  the  big  sphere  and  Fig. 
22  is  the  corresponding  result  for  a  *  0°  where  the 
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small  sphere  Is  Illuminated  and  also  c  large  part 
of  the  big  sphere.  The  results  for  the  two  cases 
are  strikingly  different.  In  fact,  Fig.  .'il  looks 
almost  like  the  scattering  cross  section  of  the  big 
sphere  of  radius  a2,  If  the  abscissa  Is  rescaled  In 
terms  of  kpa2-  The  Interference  pattern  Is  due  to 
the  path  difference  between  the  "oecularly  reflect¬ 
ed  wave  and  a  creeping  wave. 

Samples  exist  at  the  Rockwel .  Science  Center 
for  the  geometries  shown  In  Figs,  la  and  lc,  how¬ 
ever  experimental  results  are  available  only  for 
the  case  of  Identical  spheres  (Fig,  la). 

SCATTERING  FROM  COMPOUND  FLAWS 

The  compound  or  odd  shaped  flaws  that  have 
been  considered  are  shown  In  Figs.  2a  and  2b. 

These  are  popularly  known  as  "Micky  Mouse"  and 
"Plnnochlo"  respectively.  Experimental  data  Is 
available  for  both.  To  date  most  of  the  analytical- 
computational  procedures  have  been  confined  to 
Idealized  scatterers  like  spheroids,  penny  shaped 
cracks  or  elliptical  cracks.  All  these  flaw  sur¬ 
faces  can  be  described  by  a  single  equation.  The 
geometries  Illustrated  In  Fig.  2  are  however  com¬ 
pound  voids  and  different  equations  are  needed  to 
describe  different  portions  of  the  surface.  Hence 
these  shapes  are  quite  challenging  for  numerical 
computations. 

Consider  the  geometry  In  Fig.  2a.  At  the 
junction,  where  the  two  spherical  parts  intersect, 
there  Is  a  discontinuity  In  the  outward  normal. 
Matrix  methods  are  numerically  unstable  in  the 
presence  of  such  sharp  concavities.  Moreover  the 
nature  of  the  stress  singularity  at  a  sharp  frac¬ 
ture  such  as  this  Is  unknown  and  remains  one  of  the 
unsolved  static  boundary  value  problems  In  mechan¬ 
ics.  Experimental  evidence  Indicates  that  these 
stress  singularities  do  not  Influence  the  scattered 
far  field  to  any  great  extent.  This  has  also  been 
verified  numerically  for  the  two  dimensional  anti¬ 
plane  problem.  In  this  case  the  analytical  form  of 
the  stress  singularity  is  known. 

Two  different  approaches  were  used.  In  one 
method,  the  small  portion  where  the  two  spheres 
Intersect  was  smoothed  out  by  a  straight  line  seg¬ 
ment,  In  the  second  method  Legendre  polynomials 
were  used  to  fit  the  contour  smoothly.  In  the 
latter  case  there  was  a  still  a  concavity,  but  it 
was  not  sharp.  A  third  method  of  calculation  is 
still  In  progress.  This  is  to  consider  the  void  as 
a  compound  void  with  the  two  parts  of  the  sphere 
just  touching  each  other,  the  centers  of  the  parts 
being  separated  by  a  finite  distance.  The  T-matrix 
of  each  separate  part  is  computed  by  closing  off 
the  open  end  by  a  Straight  line  segment,  on  which 
the  normal  displacement  must  be  prescribed.  But 
thi  displacement  on  the  straight  line  segment  for 
the  lower  sphere  will  exactly  cancel  this  when  the 
two  T-matrices  are  superposed  in  Eq.  (3)  to  get  the 
combined  T-matrix.  Preliminary  results  indicate 
that  this  approach  Is  numerically  much  more  stable 
and  will  enable  us  to  consider  much  higher  Incident 
wave  frequencies. 

In  Figs.  23-24,  the  angular  behaviour  of  the 
scattering  cross  section  for  P-waves  which  are 
incident  broad  side  on  both  samples.  The  actual 
scattering  geometry  *'  shown  in  the  figures.  In 
Fig.  24,  the  scattering  cross  section  of  a  prolate 
spheroid  and  a  sphere  of  the  same  over  all 


Fig,  24  Angular  variation  of  the  bistatic  cross 
section  compared  for  'Micky  Mouse'  (Fig.  2a), 
prolate  spheroid  and  sphere. 


Fig.  25  Experimental  results  by  B.  Tittmann 
corresponding  to  calculations  In  Figs.  23  and  24. 


Fig.  26  Back  scattering  cross  section  for  head  on 
incidence  of  P-waves. 
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dimensions  as  "Micky  Mouse"  are  displayed  for  pur¬ 
poses  of  comparison.  Both  figures  Indicate  a  sharp 
drop  In  the  cross  section  at  $  «  0°  and  f  =  100° 
corresponding  to  weak  scattering  from  the  two 
edges.  For  the  case  of  "Plnnochlo",  experimental 
results  obtained  by  B.  Tittmann  shown  on  Fig.  25 
seems  to  be  In  qualitative  agreement.  Comparison 
of  the  numerical  results  for  the  spectra  with  ex¬ 
periments  Is  still  In  progress,  since  these  became 
available  only  recently.  In  Figs.  2G  and  27,  the 
back  scattering  cross  section  as  a  function  of 
frequency  Is  displayed  for  Incidence  along  the  sym¬ 
metry  axe.. . 

DYNAMIC  STRESS  CONCENTRATIONS 

A  method  Is  presented  for  the  calculation  of 
dynamic  stress  concentration  factors  when  a  time 
harmonic  SH-wave  is  Incident  upon  a  cylindrical 
cavity  of  arbitrary  cross  section.  The  stresses  in 
the  vicinity  of  the  cavity  are  markedly  different 
from  those  that  would  be  present  If  the  cavity  were 
not  present.  This  effect  Is  known  as  dynamic 
stress  concentration.  The  study  for  more  general 
polarizations  (In-plane  problems)  Is  still  In 
progress.  Exact  determination  of  the  dynamic 
stress  concentration  caused  by  a  cylindrical  cavity 
is  only  possible  for  a  restricted  class  of  cross 
sectional  shapes,  namely  those  for  which  the  elas¬ 
tic  wave  differential  operator  is  separable.  Pao 
and  Mow®  give  a  detailed  description  of  the  separa¬ 
tion  of  variables  approach  for  this  problem.  For 
more  general  cross  sections,  In  particular  If  sin¬ 
gular  corners  are  present,  a  numerical  technique  Is 
called  for.  We  employ  such  a  technique  here. 

Our  algorithm  is  based  on  a  method  that  has 
been  called  the  null  field  method  by  Bates  and 
Wall7  or  the  transition  matrix  (T-matrlx)  method. 

It  reduces  to  the  solution  of  a  particular  integral 
equation.  This  method  has  two  major  advantages 
over  other  methods  when  applied  to  the  problems 
discussed  here.  The  solution  is  unique  and  solu¬ 
tions  of  the  complimentary  problem  are  decoupled. 
For  cavities,  the  unknown  function  Is  the  surface 
displacement.  The  evaluation  of  surface  fields  Is 
much  more  difficult  than  the  evaluation  of  scatter¬ 
ed  fields.  In  a  sense,  with  the  regular  T-matrix 
approach  used  in  the  previous  sections,  the  surface 
field  is  in  fact  calculated.  But  in  the  final 
analysis,  due  to  the  particular  structure  of  the 
formulation  (the  use  of  the  null  field  equation), 
the  result  is  Insensitive  to  an  Inaccurate  deter¬ 
mination  of  the  surface  field.  For  the  problem  at 
hand  since  the  determination  of  the  surface  field 
is  the  end  result,  basis  functions  used  to  repre¬ 
sent  it  must  be  picked  with  particular  care. 

When  the  scatterer  has  corners  it  is  necessary 
to  ensure  that  the  basis  used  has  the  correct  edge 
behaviour.  Wedge  functions  are  used  for  this  pur¬ 
pose  and  they  are  found  from  the  solution  of  the 
canonical  problem  of  scattering  from  an  infinite 
wedge.  The  surface  of  the  cavity  is  divided  into 
several  regions  and  within  each  region  an  appropri¬ 
ate  basis  Is  used.  The  null  field  equations  to¬ 
gether  with  the  constraint  equations  necessary  to 
ensure  continuity  at  the  nodes  are  sufficient  to 
solve  for  the  unknown  coefficients  of  the  basis. 

If  there  are  no  corners,  but  just  an  Increase  in 
the  stress  concentration  factor,  an  appropriate  met¬ 
ric  function  is  incorporated  into  basis  representa¬ 
tion.  Details  of  the  numerical  procedure  and  more 
extensive  results  may  be  found  in  Ref.  4. 


Fig.  27  Back  scattering  cross  section  for  nose  on 
incidence  of  P-waves . 
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F’g.  28  Dynamic  stress  concentration  on  the  surface 
of  an  elliptical  cavity  for  four  different  minor  to 
major  axis  ratios  and  Incident  SH-waves. 


284 


For  the  anti-plane  problem,  the  boundary  con¬ 
dition  at  the  surface  of  the  cavity  may  be  stated 
as  the  vanishing  of  the  normal  traction 

onz  *  0  on  S 

where  S  Is  the  surface  of  the  cavity  and  ft  Is  the 
outward  normal  In  the  x-y  plane,  the  2-axls  being 
parallel  to  the  cylinder  axis.  The  only  non-zero 
stress  component  at  the  surface  Is  then  otz  where  t 
Is  taken  to  be  tangent  to  S  In  the  x-y  plane.  In 
Figs.  28  and  29  onz  Is  plotted  at  all  points  on  the 
boundary.  In  the  abscissa  v/2r  Is  the  angular 
measure  as  one  traverses  the  contour  and  It  varies 
from  0  to  1  for  a  complete  revolution.  Figure  28 
Is  for  an  elliptical  cavity,  the  scattering  geome¬ 
try  being  displayed  in  the  lower  left  corner.  If 
'a'  Is  the  semlmajor  axes  of  the  ellipse  and  'a' 
the  Incident  wavelength  a/x  Is  taken  to  be  0.2 
corresponding  to  ka  1.4.  Four  different  minor  to 
major  axis  ratios  ranging  from  0.25  to  1.0  are  con¬ 
sidered  for  this  frequency.  In  Fig.  29,  a  cavity 
with  corners  arising  from  the  sharp  Intersection  of 
two  circles  Is  considered.  In  this  case  for  45° 
incidence,  the  stress  concentration  o*z  Is  plotted 
for  three  values  of  the  a/A  ratio  0.02,  0.2  and 
0.4. 

We  conclude  this  section  by  observing  that  the 
success  of  this  method  depends  on  a  good  knowledge 
of  the  approximate  behaviour  of  the  stress  in  the 
vicinity  of  the  scatterer.  For  three  dimensional 
scatterers,  many  of  the  canonical  problems  are 
unsolved.  The  choice  of  appropriate  basis  func¬ 
tions  at  corners  Is  crucial.  The  sharp  singulari¬ 
ties  in  the  stress  manifest  themselves  as  barely 
discernible  discontinuities  In  plots  of  the  surface 
displacement,  so  that  the  latter  must  be  calculated 
very  accurately. 

MULTIPLE  SCATTERING  CONFIGURATIONS  WITH 

nQ  rotational  symmetry 

All  the  cases  considered  above  for  both  multi¬ 
ple  and  compound  flaws  possessed  an  axis  of  rota¬ 
tional  symmetry.  Since  vector  spherical  functions 
were  used  to  describe  the  fields,  the  rotational 
symmetry  renders  all  matrices  diagonal  In  the  azi¬ 
muthal  Index,  This  simplifies  the  calculation 
enormously.  Without  this  symmetry  matrix  sizes 
will  become  so  large  even  at  small  values  of  kpa 
1.0  to  make  computations  unfeasible.  However,  the 
need  exists  for  long  wavelength  scattering  Informa¬ 
tion  from  non-axes  symmetric  configurations.  It  Is 
for  this  particular  application  that  we  propose  the 
following.  The  formalism  that  Is  given  below  Is  In 
principal  applicable  for  the  range  of  frequencies 
for  which  the  T-matrlx  of  the  Individual  scatterer 
can  be  computed,  the  limitation  Is  In  the  machine 
computations. 

We  consider  two  coordinate  systems  centered  at 
0,  x-y-z  and  x'-y'-z'  respectively.  Let  a,  6,  y  be 
the  Euler  angles  of  the  primed  system  with  respect 
to  the  unprimed  system  (Fig.  30).  It  Is  often 
desirable  to  calculate  the  T-matrlx  of  an  Individu¬ 
al  scatterer  with  respect  to  a  coordinate  system 
that  Is  chosen  based  on  the  geometrical  symmetries 
of  the  scatterer.  This  will  minimize  computations. 
If  the  scatterer  has  an  axis  of  rotational  synwetry, 
the  T-matrlx.  is  diagonal  'in  the  azimuthal  Index. 
However,  It  may  be  necessary  to  express  this  T- 
matrlx  In  a  different  coordinate  system,  say  the 
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Fig.  29  Dynamic  stress  concentration  on  the  surface 
of  a  cylindrical  lens  shaped  cavity  with  sharp  cor¬ 
ners  for  different  Incident  SH-wave  frequencies, 
c/cj  Is  the  normalized  contour  length. 


Fig.  30  Euler  angles  for  rotation  of  coordinate 
systems . 
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Fig.  31  Spheroidal  scatterers  with  no  rotational 
axis  of  symmetry. 
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primed  system  because  the  experimental  set  up  may 
necessitate  It  or  there  may  be  another  scatterer 
with  Its  axis  of  symmetry  aligned  with  the  primed 
system.  For  the  particular  application  we  have  In 
mind,  refer  to  Fig.  31,  Two  spheroidal  scatterers 
are  considered  with  their  centers  separated  by  a 
distance  '2d',  perpendicular  to  the  axis  of  rota¬ 
tional  symmetry.  In  the  previous  sections  the 
translation  was  along  the  axis  of  symmetry.  The 
resulting  configuration  Is  not  rotatlonally  symmet¬ 
ric,  hence  the  total  T-matrlx  loses  Its  block  diag¬ 
onal  property,  in  this  case  also  the  expression 
for  T(l,2)  given  In  Eqs.  3  or  6  Is  applicable  If 
one  keeps  the  general  form  of  the  translation 
matrices.  However,  It  Is  more  convenient  to  ex¬ 
press  the  T-matrlx  of  the  individual  spheroids  In 
coordinate  system  that  Is  rotated  by  a  90"  angle 
and  then  perform  the  translation  along  this  new 
z-axls . 

The  transformation  of  the  T-matrlx  under  an 
Culer  rotation  may  be  conveniently  expressed  by 
noting  that  the  spherical  harmonics  used  in  deriv¬ 
ing  the  T-matrlx  are  the  eigenfunctions  of  the 
rotation  operator®*®.  Thus  If  T1  Is  the  T-matrlx 
In  the  primed  system,  then  It  Is  related  to  the 
T-matrlx  of  the  unprimed  system  according  to 


T1  *  D'\ 

>Y  )T0(a,p  ,y  ) 

(10) 

where  the 

rotation  matrix 

0  Is  gl  <en 

by 

y)  «e1m,nd^.0i)e1mY 

(11) 

where 

1"  (n  +  m* )!  (n  - 
L  Tn  +  m )  1  (n  - 

ra')l]Y.5 

urn  ( 05 

am’+ra 

V 

(12) 

x  /sin 

dW-m  D(m'-m,m' 
2J  Hn-m' 

^  (cos  H) 

• 

In  Eg.  (12),  P*J  are  the  Jacobi  polynomials  which 
can  be  expressed  In  terms  of  the  associated 
Legendre  polynomials.  For  more  details  on  Eqs. 

(11)  and  (12)  we  refer  the  reader  to  Edmonds*.  If 
T1  and  T?  In  Eqs.  (3)  and  (6)  are  replaced  by 
D-1t1d  and  D-lT^D,  we  obtain  T(l,2)  for  the  config¬ 
uration  shown  In  Fig.  31.  Numerical  computations 
at  wavelengths  long  comparable  to  the  overall 
dimensions  of  the  configuration  are  still  In 
progress . 
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ABSTRACT 

We  show  how  MOOT  (method  of  optimal  truncation,  a  convergent  T-matrlx  scheme)  can  be  used  to  calcu¬ 
late  elastic  wave  scattering  from  compound  Inclusions;  l.r.  Inclusions  which  themselves  contain  flaws  - 
Inclusions,  voids,  or  cracks.  The  general  equations  are  derived,  and  they  are  solved  for  a  particular 
axlally-symmetrlc  case  -  a  cracked  spherical  Inclusion  Immersed  in  fluid.  The  crack  edge  Is  a  circle  on 
the  equatorial  plane;  the  crack  can  extend  either  Inward  to  the  center  or  outward  to  the  surface  of  the 
sphere.  Numerical  results  are  given  for  scattering  of  acoustic  waves  from  cracked  spheres  of  various 
materials.  Cracked  spheres  can  be  fabricated  relatively  easily,  and  may  be  useful  in  NDE  calibrations. 


INTRODUCTION 

An  experimental  technique  often  used  In  ultra¬ 
sonic  measurements  Is  to  Immerse  an  object  In  a 
tank  of  water  and  study  It  by  scattering  acoustic 
waves  from  It,  the  fluid  effectively  provlalng  a 
coupling  between  the  transducers  and  the  object. 

In  principle,  one  can  determine  all  of  the  struc¬ 
tural  features  of  the  object  In  this  way.  For  NDE 
applications  In  particular.  Information  is  needed 
about  Internal  flaws  such  as  voids,  Inclusions,  or 
cracks  and  about,  surface  cracks  and  Irregularities. 

Because  the  crack  Is  the  most  common  and 
potentially  the  most  dangerous  defect  In  manu¬ 
factured  Items,  and  the  sphere  Is  the  simplest 
shape  Imaginable,  a  cracked  sphere  would  seem  to  be 
a  useful  prototype  of  a  compound  inclusion.  It  is 
relatively  easy  to  fabricate  In  practice  and  to 
compute  scattering  from,  and  could  serve  as  a  cali¬ 
bration  standard,  both  experimentally  and 
theoretically. 

In  this  paper  we  will  develop  a  general  form¬ 
alism  with  which  the  elastic  wave  equation  can  be 
solved  for  a  system  In  which  a  compound  Inclusion 
Is  Immersed  In  a  host  medium.  The  host  medium  may 
be  either  a  fluid  or  an  elastic  solid,  the  compound 
inclusion  may  be  complex  and  the  generalization  of 
the  theory  will  be  obvious,  but  we  will  calculate 
only  Included  elastic  spheres  with  cracks  on  their 
equatorial  planes.  The  crack  edges  are  circular, 
with  the  cracks  extending  either  out  to  the  surface 
or  In  to  the  center  (see  Fig.  1). 


Fig.  1  Cracked  spheres.  The  Interior  crack  (a) 
has  free  boundaries;  the  peripheral  crack  (b)  Is 
fluid-filled.  The  equatorial  plane  Is  divided  Into 
a  circle  (C)  and  an  annulus  (A).  The  top  and  bot¬ 
tom  hemispheres  are  called  Stop  ®nd  Sbott, 


We  will  present  a  brief  review  of  the  computa¬ 
tional  method  which  we  use.  It  Is  a  straightfor¬ 
ward  extension  of  MOOT  (method  of  optimal  trunca¬ 
tion)  which  was  oeveloped  earl ler. '  ,3  we  wm 

show  how  to  handle  inclusions  containing  voids  as 
well  as  internally  and  peripherally  cracked  Inclu¬ 
sions  . 

Numerical  results  for  scattering  of  acoustic 
waves  from  cracked  spheres  immersed  In  water  are 
given  In  the  final  section.  Both  Internal  and  sur¬ 
face  cracks  are  considered.  Results  are  shown  for 
different  crack  sizes  and  are  compared  with  scat¬ 
tering  from  uncracked  spheres.  The  effects  of 
material  properties  (acoustic  Impedances  and  propa¬ 
gation  velocities)  on  the  sensitivity  of  scattering 
to  internal  flaws  are  very  Important  and  probably 
will  be  the  most  stringent  limitations  on  practical 
applications, 

GENERAL  DEVELOPMENT 

The  Idea  of  MOOT  will  be  explained  for  the 
simple  case  of  a  void  wlchln  an  inclusion,  Illus¬ 
trated  In  Fig.  2.  The  vector  displacement  field 


Fig.  2  A  void  (surface  C)  within  an  inclusion 
(surface  S)  immersed  In  a  fluid.  The  displacement 
outside  S  consists  of  a  plane  wave  plus  outgoing 
partial  waves  (coefficients  ajjn ) ;  Inside  S  It  Is 
expanded  In  regular  (coefficients  bp^)  and  Irregu¬ 
lar  (coefficients  cps m )  eigenfunctions  of  the  elas¬ 
tic  wave  equation.  tTne  origin  of  coordinates  Is 
always  taken  Inside  C. 
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In  the  fluid  outside  the  Inclusion  Is  expanded  In 
outgoing  eigenvectors  of  the  acoustic  wave  equation, 

^  "  XXiAm  +  £aShAm’  ^ 

where  the  are  given  by 

!*m  *  k'V*m<°-*> 

(2) 

Km  *  k‘1KV°'*) 

with  kJ  -  puJ/X,  djifl,  =  4n  1  ^ Y jyp ( 0 o <t>D )  •  0o<}>o  are  the 
spherical  angles  of  the  direction  of  the  Incident 
plane  wave 


kV^^d 


(3) 


X  Is  the  fluid  bulk  modulus,  jfc(kr)  Is  the  regular 
spherical  bessel  function,  and  hj  ■=  j.  +  1y„.  The 
problem  Is  to  determine  the  as  yet  unknown  coeffi¬ 
cients  a,m,  which  we  do  as  follows. 

The  displacement  field  Inside  the  Inclusion  is 


2X.-S'-.-  +  c 


pfcm  p£m  pUm  p£m* 


(4) 


where  for  p  =  1  (longitudinal  polarization) 

is  as  given  in  (2)  but  with  ki  -  p  V/(X' +2p' ) ,  and 
for  p  *  2,3  (transverse  polarizations)  is  as  given 
In  ref.  2  but  with  ky  »  p'w’/p'.u'  being  the  shear 
modulus.  § •  „  Is  Identical  to  vp4m  except  y» 
(spherical  bessel  function  irregular  at  origin)  is 
substituted  for  jo.  The  extra  complexities  of  (4) 
are  necessitated  by  the  facts  that  the  inclusion, 
being  a  general  isotropic  elastic  material,  can 
support  shear  stresses  and  therefore  transversely 
polarized  waves,  and  that  no  radiation  condition 
(outgoing  scattered  waves  at  infinity)  constrains 
the  interior  field,  so  that  both  regular  and  irreg¬ 
ular  bessel  functions  are  needed. 


The  stress  tensor  o.;,  is  formed  by  differen¬ 
tiating  Sj  in  the  usual  way.  Wnen  1  +  is  contracted 
with  the  unit  normal  n  to  a  surface,  the  surface 
traction  ti  *  ho-ijflj  results: 

I  »  2n(ft*?)$  +  iif!  x0xt)  +  Xf$-$  .  (5) 

A  surface  traction  vector  tpo™  corresponds  to  each 
Spjm,  Because  p  *  0  in  the  Tluid  outside,  only 
p  ■  1  exists  there-,  all  3  polarizations  usually 
contribute  inside  the  inclusion. 


The  boundary  conditions  are  expressed  in  terms 
of  these  vectors.  On  the  surface  of  the  void  C, 
the  surface  traction  vector  vanishes 


t'(r)  =0  r  on  C,  (6) 

and  on  the  surface  of  the  inclusion,  the  normal 
components  of  both  displacement  and  surface  trac¬ 
tion  are  continuous 

(I  -  I')  •  (I  *  0  r  on  S  (7) 


(?-$')•  h  *  0,  r  on  S  (8) 

and  the  parallel  components  ot  surface  traction  on 
the  inclusion  vanish; 

t'  x  n  ■  0  r  on  S.  (9) 

Our  task  is  to  choose  afm,  bp#m,  and  cpjfm  in  such  a 

way  that  (6),  (7),  (8),  and  (9)  are  satisfied 
simultaneously.  This  is  obviously  an  impossible 
task  (unless  C  and  S  happen  to  be  concentric 
spheres,  in  which  case  we  shall  see  that  the  prob¬ 
lem  is  greatly  simplified),  so  we  will  settle  for 
second  best,  namely  that  (6),  (7),  (8),  and  (9)  be 
satisfied  in  a  least-squares  sense.  We  form  the 
following  positive  definite  quadratic  form 


'S 


where  the  integrals  are  over  the  surfaces  C  and  S, 

a,  8,  y,  f  are  positive  constants,  and  the  inte¬ 
grals  arc  the  absolute  squares  of  the  left  hand 
sides  of  the  referenced  equations.  Clearly  I  »  0 
if  and  only  if  (6),  (7),  (8),  and  (9)  hold. 

One  is  always  constrained  by  the  realities  of 
computation  to  truncate  the  sums  in  (1)  and  (4) 
to  l  <_  &max,  where  Jl  is  usually  quite  small 

(~20  or  less).  Thus  there  are  a  finite  number  of 
coefficients  a^,  bplm>  so  that  one  always 

has  1  >  0.  Our  prescription  for  the  choice  of  a, 

b,  c  is  that  1  be  minimized,  viz. 


^-"0 

3aJlm 
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■  0 


(11) 


p  *  1,2,3;  m  *  -t,»**t-l,  t;  l  »  0, 

•  •  •  Z 

max 


There  are  exactly  as  many  equations  in  the  set  (11) 
as  there  are  unknowns  a,  b,  c,  so  in  the  absence  of 
some  unforeseen  (and  as  yet  unmaterialized)  catas¬ 
trophe  (11)  forms  a  set  of  linear  equations  which 
can  be  solved  for  the  a^’s;  they, in  turn,  give 

scattered  amplitudes  and  cross-sections.  Note  that 

the  equations  (11)  are  complex ,  as  are  the  a,  b, 

c,'$;  asterisk  means  complex  conjugate.  It  is  easy 

to  see  that  as  one  increments  to  +1 ,  then 

max  tnax 

I(s.  +1)  <  I(t  „),  so  it  follows  that  the  approx- 
niax  — ■  max 

imation  scheme  results  in  a  monotone  convergent 
sequence  with  limit  0,  if  It  is  assumed  that  the 
partial  wave  series  representation  of  the  displace¬ 
ments  and  stresses  converges. 


We  can  write  (10)  out  in  vector  notation; 
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I  = 


+  4* 

a  A  a  +  a  A,Kb  + 
aa  ab 

+  a+Aadd  +  c.c.  + 
+  b+Afadd  +  c.c.  + 


c.c.  +  a  +A  c  v  c.c. 

at 

b+Abbb  +  b+Abcc  +  c-c- 
c+Accc  +  C+Acdd  +  c-c- 


More  challenging  Is  the  problem  we  have  set 
out  to  solve  In  this  note,  namely  the  cracked 
sphere  Illustrated  In  Fig.  1.  Again  the  displace¬ 
ment  Is  expanded  outside  the  sphere  as  In  (1),  but 
now  we  need  separate  expansions  In  the  top  and 
bottom  hemispheres 


+  d+Addd, 


(12) 


where  the  A's  are  matrices  whose  elements  are 
linear  combinations  of  surface  Integrals;  for 
example 


^Aaa^tmt'm 


] 


(13) 


as  can  be  easily  verified  from  (1),  (7),  (8)  and 
(10).  The  linear  equations  (11)  are  obtained 
directly, 


31 


•( 


A  a  A  .  b  +  A  c  +  A  ,d 
aa  ab  ac  ad  . 


3b 


3c 


=  (Ai 

pSm 

M 


baa  +  Abbb  +  Abcc  +  Abdd 


A,, a  +  A„.b  +  Ac  +  A„  .d 
ca  cb  cc  co 


(14a) 

Jim 

i) 

(14b) 

'pirn 

i)  . 

(14c) 

'pJlrn 

It  might  be  pointed  out  that  the  A  matrices  in 
(14a, b,c)  are  mostly  not  square;  Apj, ,  for  example, 
has  about  3  times  as  many  rows  as  columns  because 
3  polarizations  are  usually  allowed  in  the  elastic 
inclusion  versus  only  1  in  the  fluid.  This  causes 
no  problems  in  the  matrix  algebra  one  might  do  to 
solve  for  a£m;  row  and  column  lengths  always  match 
properly  in  matrix  multiplications,  of  course,  and 
matrices  which  need  to  be  inverted  are  always 
square. 


The  choice  of  the  positive  multipliers  a,  6, 
y,  6  in  (10)  is  not  critical,  in  fact  it  is  irrele- 

.  _  —  a. n  ...  ^  - I.  „  -  ^  


vant  as  i, 


One  can  make  a  plausible  argu- 

/  o  \  rnsx 

menv'  that  a  reasonable  choice  is  unity  for 
stress  integral  multipliers  (a,  8,6)  and  minimum  oi 
(X2ka ,X2/a 2 )  for  displacement  Integral  multipliers 
(Y). 


Important  simplifications  occur  in  (14)  if 
certain  symmetries  hold.  First,  if  the  scatterer 
S,  C  has  an  axis  of  symmetry  it  can  be  chosen  to 
be  the  z-axis  and  all  the  A  matrices  are  diagonal 
in  m.  Then  (14)  can  bo  solved  for  each  value  of 
m  =  0,  1,  •••*.„  successively,  which  affords  a 

great  simplification  and  computing  economy.  If, 

In  addition,  the  scatterer  has  complete  rotational 
symmetry,  i.e.  S  and  C  are  concentric  spheres,  then 
the  A  matrices  are  in  addition  diagonal  in  l.  In 
this  case  (14)  degenerates  for  each  (J.,m)  Into  a 
set  of  5  simultaneous  linear  equations  for  one  a^, 

two  bpJlm's,  and  two  cpJJffl's  (only  p  =  1  and  p  =  3 

contribute  for  i  >  0;  If  l  =  0  only  p  =  1  does),  so 
the  problem  becomes  trivial  to  solve  (with  a  com¬ 
puter)  because  one  needs  only  to  compute  coeffi¬ 
cients  for  and  solve  inhomogeneous  linear  systems 
of  order  5. 


^b  “  2bpjim  ^p£m 

(top) 

(15b) 

t<  =  Vc  $■ 

c  p2zn  ptm 

(bottom) , 

(15c) 

where,  in  contrast  to  the  case  of  the  inclusion 
Eq.  (4),  only  the  regular  basis  functions  are 
needed.  The  boundary  conditions  to  be  satisfied 
are  that  on  the  top  and  bottom  hemispheres  the 
normal  displacements  and  surface  tractions  are 
continuous,  and  the  parallel  components  of  surface 
traction  vanish.  In  the  equatorial  plane  welded 
boundary  conditions  (continuous  displacement  and 
surface  traction)  are  imposed  on  A  in  Fig.  (la) 
and  on  C  in  Fig.  (lc),  while  free  boundary  condi¬ 
tions  (vanishing  surface  traction)  prevail  on  C 
in  Fig.  (la)  (open  crack)  and  slippery  boundary 
conditions  (continuous  normal  components  of  dis¬ 
placement  and  surface  traction,  zero  parallel  com¬ 
ponents  of  surface  traction)  h-1d  on  A  in  Fig.  (lb). 
So  the  interior  crack  is  "clear"  and  the  peripheral 
crack  is  "fluid-filled", 

A  positive  definite  linear  combination  of  sur¬ 
face  residuals  like  Eq.  (10)  can  now  be  formed;  it 
will  have  more  terms  because  there  are  now  more 
surface  segments  to  consider,  ane  the  boundary  con¬ 
ditions  are  different.  But  the  bilinear  form  in  a, 
b,  c,  and  d  is  still  Eq.  (12),  and  the  linear  equa¬ 
tions  (14a, b.c)  are  unchanged.  The  matrix  elements 
A  will  be  different;  like  (13)  they  can  be  written 
down  by  inspection  and  evaluated  numerically,  .hen 
Eqs .  (14a, b,c)  can  be  solved  straightforwardly  on  a 
computer.  One  can  significantly  reduce  the  task  of 
the  computer  by  recognizing  that  the  coefficients 
co£m  are  siraP^y  related  to 
symmetries  of  the  geometry. 

NUMERICAL  RESULTS 


b  because  of  the 

(Sr 


Elastic  properties  and  densities  impose  some 
drastic  constraints  on  the  materials  which  can  be 
studied  by  ultrasonic  immersion.  This  is  Illus¬ 
trated  on  Fig.  3  which  shows  backscattering  in 
water  from  various  real  and  imagined  spheres  (with¬ 
out  cracks). The  dot-dash  curve  is  backscattering 
from  a  tungsten  carbide  sphere.  Tungsten  carbide 
is  so  stiff  (see  Table  I)  that  at  these  frequencies 
its  scattering  is  Identical,  to  the  resolution  of 
the  graph,  to  that  of  a  rigid  sphere  of  the  same 
density.  One  could  not  see  the  effects  of  flaws 
without  going  to  much  higher  frequencies.  A  cri¬ 
tical  parameter  here  is  the  acoustic  Impedance 
mismatch  with  that  of  water,  which  can  from  Table  I 
be  seen  to  be  extreme;  the  mismatch  is  a  factor  of 
65.  More  hopeful  Is  the  case  of  aluminum,  the 
solid  curve  of  Fig.  3.  With  the  elastic  constants 
tripled  one  gets  the  dashed  curve,  which  might  mar¬ 
ginally  be  distinguished  experimentally  from  the 
solid  one.  The  case  of  luclte,  shown  in  the  solid 
curve  of  Fig.  4,  Is  much  better,  by  comparison  with 
the  dashed  curve,  which  is  a  fictitious  material 
with  the  density  of  luclte  and  the  elastic  con¬ 
stants  of  tungsten  carbide.  The  backscattering 
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Fig.  3  Backscattering  of  acoustic  waves  from 
spheres  In  water.  To  the  resolution  of  the  graph, 
completely  rigid  tungsten  carbide  would  be  the  same 
as  thedbt-dashcurve,  and  completely  rigid  aluminum 
would  be  the  same  as  the  dashed  curve. 


Material 

XxlO'10 

pxlO*10 

pxlO*3 

Vlong 

^long 

Water 

.197 

0 

1.0 

1404 

xlO'7 

.140 

Polyethylene 

.288 

.026 

.90 

1950 

.176 

Lucite 

.562 

.143 

1.18 

2680 

.317 

Magnesium 

2.56 

1.62 

1.74 

5770 

1.00 

Pyrex 

2.3 

2.5 

2.32 

5640 

1.31 

A1  umlnum 

6.1 

2.5 

2.70 

6420 

1.73 

Beryl  1 i urn 

1.6 

14.7 

1.87 

12890 

2.41 

Titanium 

7.8 

4.4 

4.50 

6070 

2.73 

Tungsten 

Carbide 

17.1 

22.0 

13.8 

6655 

9.18 

Table  I  Elastic  properties  of  various  materials  in 
MKS  units.  The  final  column  is  the  acoustic 
impedance. _ 

changes  by  more  than  a  factor  of  100  at  the  ka  =  1.6 
peak.  Effects  of  this  order  should  be  easily 
measurable. 


We  have  calculated  scattering  from  various 
cracked  lucite  spheres.  Some  of  the  results  are 
shown  in  Figs.  5,  6,  and  7.  Figure  5  pictures  the 
backscattering  cross-section  ob  .  (eD=0)  for  inci¬ 
dent  angle  00  =  0  for  a  luc1teDac*sphere  with  an 
Interior  "clear"  crack  of  radius  .5a  (solid  line), 
and  the  dashed  and  dot-desh lines  are  "back*9’  =  45> 

and  ^  (6o  =  90)  respectively.  This  crack 

covers  25^  of  the  area  of  the  equatorial  plane; 

Its  effects  on  (9o  =  90)  are  fairly  small, 

as  can  be  seen  by  comparing  with  Fig.  4,  The 
deviation  of  the  solid,  dotdash, and  dashed  lines 
from  each  other  can  be  considered  the  flaw  signa¬ 
ture;  in  the  absence  of  the  crack  they  will ,  of 
course,  condense  to  one  curve,  the  solid  line  of 
Fig.  4. 


Fig.  4  Backscattering  of  acoustic  waves  from 
lucite  sphere  in  water,  and  from  a  fictitious 
sphere  with  the  density  of  lucite  but  with  the 
elastic  constants  of  tungsten  carbide. 


Fig.  5  hackscattering  of  acoustic  waves  from  a 
cracked  lucite  sphere  in  water.  The  crack  Is 
"clear",  circular  with  half  the  radius  of  the 
sphere.  The  incident  angle  e0  is  the  polar  angle 
relative  to  the  axis  of  symmetry. 

Increasing  the  radius  of  the  crack  to  .7a  so 
that  it  covers  half  the  equatorial  plane  results  In 
the  backscattering  shown  in  Fly.  6.  Quite  similar 
to  the  curves  of  Fig.  5,  these  cross-sections  can 
be  distinguished  by  the  much  deBoer  Interference 
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minima  at  k^a  =  2.3, 


plane).  The dotaash  curve  here  =  9°))  1S 

nearly  identical  to  the  unflawed  sphere,  and  the 
quantitative  changes  for  60  =  0  and  e0  1  45  are 
generally  less  than  for  the  Interior  crack.  This 
surface  crack  is  much  harder  to  detect  than  the 
interior  clear  crack  of  the  same  area  (cf.  Fig.  6). 
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Fig.  6  Like  Fig.  5,  but  the  radius  of  the  circle 
is  .7a,  so  it  covers  half  the  area  of  the  equator¬ 
ial  plane. 

The  result  of  circumcising  the  sphere  equa- 
torially  to  a  depth  of  .3a  (so  the  resulting  fluid 
filled  crack  has  area  half  that  of  the  equatorial 


Fig.  7  Backscattering  from  a  luclte  sphere  with  a 
fluid-filled  surface  crack  of  depth  ,3a  around  its 
equator. 
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CALCULATIONS  OF  ELASTIC  WAVE  SCATTERING  FROM  VOIDS  AND 
CRACT-LIKE  DEFECTS  BY  THE  METHOD  OF  OPTIMAL  TRUNCATION 


Jon  L.  Opsal 

Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550 


ABSTRACT 


Visscher's  method  of  optimal  truncation  for  solving  elastic  wave  scattering  problems  has  been 
applied  to  voids  having  surface  cracks  and  sharp  edges  including  some  for  which  experimental  data 
are  becoming  available.  A  number  of  interesting  aspects  of  these  results  will  be  discussed  and 
comparisons  with  existing  experimental  data  presented. 


INTRODUCTION 

One  of  the  key  elements  in  the  development 
of  quantitative  ultrasonic  NDE  is  the  elastic  wave 
scattering  problem.  It  is  essential  that  practical 
and  reliable  methods  be  found  that  accurately  predict 
the  scattering  of  elastic  waves  from  flaws  of  arbi¬ 
trary  size  and  shape.  One  method  offering  some 
promise  injthat  direction  is  the  method  of  optimal 
truncation1 (MOOT)  a  least  squares  boundary  residual 
method  originally  proposed  for  electromagnetic 
scattering^. 

Although  the  method's  utility  has  been  demon¬ 
strated  for  a  number  of  non-spherical  scatterers1 ’ 
there  are  cases  when  its  convergence  to  the  exact 
solution  becomes  difficult,  if  not  impossible,  to 
achieve.  In  this  talk  I  will  first  briefly  introduce 
the  method  and  apply  it  to  an  example  for  which 
experimental  data  are  becoming  available.  I  will 
then  describe  a  modification  that  appears  to  over¬ 
come  some  of  the  convergence  difficulties  and 
illustrate  with  a  specific  example.  The  modified 
method  will  then  be  applied  to  two  examples  of 
practical  interest. 

THEORY 


the  spherical  harmonics .  Also  in  Eq ■  (2).  k  is 
the  longitudinal  wave  vector,  k  “  MVx+2[i’  and 

K  is  the  transverse  wave  vector,  K  ■  The 

complete  solution  in  terms  of  these  basis  P 
functions  is  given  by, 

u  uo  +  plm  apX.m  Up P,m  (3) 

where  u0  denotes  the  incident  wave,  presumably 
known  for  the  scattering  problem  and  the  summation 
contains  the  unknown  coefficient  a  which  com¬ 
pletely  describes  the  scattered  waw1?  Of  the 
several  possibilities  which  exist  for  determining 
the  a  „  ,  at  least  in  an  approximate  sense,  MOOT 
selectsthe  most  obvious  for  a  demonstrably  con¬ 
vergent  procedure.  When  the  infinite  series  in 
Eq.  (3)  is  truncated, as  must  be  done  in  practice, 
an  error  is  encountered  in  satisfying  the  boundary 
conditions.  MOOT  optimizes  the  approximate 
solution  by  a  least  square:  minimization  of  that 
error.  The  result  of  that  minimization  for  a  void 
scatterer,  is  the  set  of  linear  equations, 

p'I'm'  ^pimjp'i'm'  ap'E'm+  ''pUm  (4) 

where 


The  basic  scattering  problem  we  consider  is  a 
void  imbedded  in  a  homogeneous  isotropic  host  with 
material  properties  X,  p,  and  p,  where  X  and  y  are 
the  Lame'  parameters  relating  stress  to  strain  and 
p  is  the  density.  In  terms  of  these  parameters,  we 
seek  to  solve  the  e^|tic  wave  equation 
(time  dependence,  e  ,  assumed) 

(X  +  2p  )VV-u  -  pVx(Vxu)+  pw2u  «  0,  (1) 


for  the  displacement  field,  u. 

To  implement  MOOT  we  first  expand  the  displace¬ 
ment  field  in  soma  complete  set  of  functions.  A 
suitable  set  of  basis  functions  for  3-dimens ior.al 
scattering  problems  are  the  solutions  to  Eq.  (1) 
in  spherical  coordinates , 

ul£m  ”  ^  ’  <2a) 

u22m  ”  l]i(l+l)c  *  V{ZJl(Kr)  (2b) 

u3Km  "  k7  X  U2Em  (2c) 


where  are  the  spherical  Hankel  (outgoing  waves) 
or  Bessel  (standing  waves)  functions  and  Y^m  are 


^pf.m,p ' Z'm’  void  *”  PZm  "tp'2'm'  ’ 

d  0  “  /dS  t*  »  .t 

P2m  void  P{'nl  0  • 

and  t  and  tQ  are  the  tractions  on  the  surface 
of  thl  void  derived,  respectively,  from  the  dis¬ 
placements  u  „  and  u  .  In  this  particular  case, 
since  the  scattered  wave  is  outgoing  far  from  the 
scatterer,  the  Hankel  functions  must  be  used  in 
Eq.  (2). 

When  considering  the  convergence  of  the  method, 
we  examine  the  following  quantities:  (1)  the 
normalized  boundary  residual, 

I/L-  /dsj  Z  a  .  t  .  +  t  I2/  /dslt  I2  (7) 

^  void  pJ!ra  pto  p2n  0  void  ° 

and 

(2)  the  total  normalized  cross-section, 

P  ‘  L  {laHm|2  +  ^3(la2)tm+  a3J2)}Mka)2 

(8) 


(5) 

(6) 
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and  (3)  the  optical  theorem 

P  *  Im(F)  ,  (9) 

where  F  is  the  amplitude  of  the  forward  scattered 
wave, 

F  -  4k  ^  (-i)i+1aUm  Y,m<e0,*0)  •  (10) 


DISCUSSION 


Fig.  1  Spherical  void  with  hemispherical  bubble. 


For  our  first  exampl'  we  consider  the  scatterer 
shown  in  Fig.  1.  This  defect,  consisting  of  a 
spherical  void  of  radius  a  with  a  hemispherical 
bubble  of  radius  *sa  on  its  surface,  is  significant 
since  it  has  been  studied  earlier  both  theore¬ 
tically^  and  experimentally!*.  The  previous  theo¬ 
retical  calculations^based  on  the  DWBA  agree  very 
well  with  the  results  obtained  using  MOOT  shown  in 
Figs.  2-4  for  frequencies  corresponding  to 

ka  4  3.  Such  agreement  was  not  unexpected  and 
tends  to  confirm  both  methods.  Most  significantly, 
there  is  quite  good  agreement  between  both  theories 
and  the  experimental  results^.  It  is  also  inter¬ 
esting  to  note  that  the  rather  complicated  appearing 
structure  of  the  results  shown  in  Figs.  2-4  can  be 
Interpreted  in  terms  of  the  multiple  interferences 
resulting  from  the  presence  of  the  bubble.  For 
example,  the  reflection  and  transmission  of  the 
creep  wave  at  the  comer  where  the  bubble  inter¬ 
sects  the  sphere  explains  essentially  all  of  the 
structure  in  Fig.  2. 

As  I  mentioned  earlier,  there  are  cases  when 
convergent  solutions  are  not  obtained  viith  MOOT. 

These  generally  occur  for  large  aspect  ratios;  that 
is,  whenever  the  largest  and  smallest  dimensions  of 
the  scatterer  differ  by  more  than  about  a  factor 
of  2.  For  such  scatterers,  the  large  variation  in 
the  Hankel  functions  (used  to  represent  the 
ucattered  field)  over  the  surface  of  the  scatterer 
makes  it  extremely  difficult  to  satisfy  the  boundary 
conditions.  In  fact  at  large  enotgh  aspect  ratios, 
the  system  of  equations,  (Eq.  (4),  becomes  so 
in-conditioned  that  not  even  a  reasonably  good 
approximation  to  the  exact  solution  is  possible. 

One  way  to  circumvent  this  difficulty  is  to  use 
functions  that  are  well-behaved  along  the  scatterer 't 
boundary  to  represent  the  near-field  and  match 
those  up  to  the  outgoing  waves  at  some  other  fic¬ 
titious  boundary  where  the  Hankel  functions  are 
well-behaved.  In  Fig.  (5) ,  I  show  how  this  can  be 
done  for  the  case  of  an  oblate  spheroidal  void.  The 
spheroid  is  enclosed  by  a  sphere  of  radius  equal  to 
the  major  axis  of  the  spheroid.  For  the  near  field, 
between  the  sphere  and  the  spheroid,  the  regular 
Bessel  functions  are  used  to  expand  the  displacement 
and  traction  fields,  with  coefficients  b  ,  in  the 
upper  half  and  c  „  in  the  lower  half.  Outside  the 
sphere,  the  Hankel  functions  are  used  with  co¬ 
efficients  2p£m  as  before.  One  now  seeks  to  satisfy 
the  boundary  conditions:  (1)  zero  traction  along 
the  surface  of  the  spheroid  and  (2)  continuity 
of  traction  and  displacement  along  the  spherical 
boundary.  Although  this  approach  has  increased  the 
number  of  unknowns  (a  .  b  „  c  .  )  by  a  factor 
of  3,  the  matrices  are  Sdw  BeTl-cSruiitioned  and  the 
convergence  properties  Improved  considerably. 

Before  continuing,  I  want  to  point  out  that  Bill 
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Figs.  2-3  Backscattered  amplitude  from  void- in 
Fig.  1  for  waves  incident  at  0°  and  90p. 
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Fig,  4  Backscattered  amplitude  from  void  in  1.4  - 

Fig.  1  for  waves  incident  at  180°. 

1.8  ( 


Visscher  has  applied  essentially  this  same  approach 
to  circular  cracks.  For  that  problem  he  reasoned 
that  one  requires  different  expansions  above  and 
below  the  crack  in  order  that  there  be  a  crack 
opening  displacement,  and  further  that  these 
expansions  must  be  well-behaved  at  the  origin.  By 
collapsing  the  spheroid  in  Fig.  5,  one  obtains  the 
circular  crack  as  modeled  by  Visscher.  To  show 
that  this  modified  version  jf  MOOT  has  some 
validity,  I  show  in  Figs.  (6-8)  comparisons  with 
results  oased  on  the  original  version,  Eq.  (4), 
for  a  spheroid  with  b/a  ■  0.7. 


Fig.  6-8  Convergence  plots  comparing  the 

original  (1)  and  modified  (2)  versions 
of  MOOT  as  discussed  in  the  text.  Lraax 
is  the  highest  order  Bessel  function  used 
in  the  expansions. 
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Figs,  6-8  show  that  the  two  versions  of  MOOT 
give  the  same  results  and  that  for  that  aspect  ratio 
converge  at  about  the  same  rate.  The  modified 
version, however ,  has  a  clear  advantage  over  the 
original  as  the  spheroid  becomes  more  oblate.  This 
is  demonstrated  by  the  comparisons  in  Fig.  9.  Not 
included  are  corresponding  comparisons  for  the  total 
cross  section  and  the  optical  theorem,  but  the  results 
are  essentially  the  same. 


Spheroid  b/s  •  .5 


Ke  -  1  Theta  -  0 

Fig.  9  Plots  comparing  the  convergence  of  the 
boundary  residual  obtained  using  the 
original  (1)  and  modified  (2)  versions  of 
MOOT.  Lmax  is  the  highest  order  Bessel 
function  used  in  the  expansions. 

Some  results  for  the  2:1  ohlate  spheroid  are 
shown  in  Figs.  10-12, 

Spheroid  b/o  •  .6 
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Fig.  11  Theta  -  16 


Spheroid  b/o  •  .6 


Fig.  12  Theta  -  80 

Figs.  10-12  Backscattered  amplitudes  from  a  2:1 
spheroidal  void  obtained  using  the 
modified  version  of  MOOT.  Theta  is 
the  angle  of  incidence  as  indicated  in 
Fig.  5. 

By  collapsing  the  spheroid  in  Fig.  5,  one  obtains 
a  circular  crack.  Results  for  the  crack  are  shown 
in  Figs.  13-15.  The  results  in  Fig.  13  for  normal 
incidence  are  in  excellent  agreement  with  the  exact 
results  of  Mai.  For  frequencies  below  ka  ■  2, 
the  results  in  Figs.  13-15  are  in  agreement  with 
Visscher's  . 


Fig.  10 


Ka 

Thata  -  0 


295 


r 


t 

i 

[ 

i 


i 


( 


'i 


) 

f 

\ 

t 


i 

* 


1 


Ciroulor  Crock 


Fig.  13  The+e  -  0 


Circular  Crack 


Figs,  13-15  Backscattered  amplitudes  from  a 

circular  crack  obtained  using  the 
modified  version  of  MOOT.  Theta  is 
the  angle  of  incidence  as  indicated 
in  Fig.  5. 

In  conclusion  I  would  like  to  say  that  MOOT 
appears  to  have  a  much  wider  range  of  applicability 
than  one  might  have  expected,  both  in  terms  of  the 
broad  frequency  range  and  in  the  complexity  of  the 
scatterers.  A  final  example  which  reallv  tests  the 
method  is  the  Saturn  ring  defect  shown  in  Fig.  16. 
Some  initial  comparisons  with  Bernie  Tittmann's® 
experimental  results  are  favorable  suggesting 
a  certain  degree  of  correctness  in  the  results 
shown  in  Fig,  17, 
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SUMMARY  DISCUSSION 


Bruce  Thompson,  Chairman  (Rockwell  Science  Center  [now  Ames  Laboratory]):  We  do  have  a  few  minutes. 
Therefore,  I  suggest  we  open  up  questions  to  any  of  the  first  three  papers. 

Laszlo  Adler  (Ohio  State  University):  Oon,  on  the  crack  nomenclature;  the  penny-shape  crack,  I  was 
wondering  Is  that  a  closed  crack  or  does  that  have  some  finite  opening? 

Oon  Opsal  (Lawrence  Livermore  Laboratory):  It  starts  out  as  a  closed  crack,  and  then  It  opens  under 
load.  It's  a  mathematical  crack.  I  have  made  real  cracks.  I  have  said  these  things  have  a 
little  opening  to  begin  with,  and  you  can't  tell  the  differences.  I  have  taken  an  oblique 
spheroid  that  has  a  very  large  aspect  ratio,  and  It  approaches  these  results  with  the  crack. 

Laszlo  Adler:  I  mean  we  make  these  little  things  that  are  kind  of  like  pill  boxes.  They  at  ■  not  really 
cracks. 

Jon  Opsal :  If  you  make  the  aspect  »*at1o  large  enough,  you  have  a  crack. 

Laszlo  Adler:  There  Is  no  real  opening  there? 

Jon  Opsal:  No.  A  zero  volume  defect. 

Roger  Chang  (Science  Center):  On  a  rectangle,  what  Is  plotted  In  on  the  last  vlewgraph? 

Vasundara  Varadan  (Ohio  State  University):  The  surface  stress. 

Roger  Chang:  Would  you  show  It  again,  please?  The  abscissa  Is  the  distance  along  the  - 

Vasundara  Varadan:  Along  the  contour. 

Roger  Chang:  The  defect,  Is  It  a  cube? 

Vasundara  Varadan:  It's  a  square  cylinder.  This  Is  a  two-dimensional  problem.  And  the  wave  length  was 
perpendicular  to  the  cylinder.  What  I  have  plotted  Is  the  surface  strength.  So  CE/CT  is  equal 
to  one.  The  maximum  Is  at  0.125.  The  maxima  Is  at  the  four  corners. 

William  Pardee  (Science  Center):  I  have  a  question  for  Vasundara.  I  had  trouble  keeping  track  of 

various  levels  of  approximation  you  described.  Did  you  report  numerical  results  more  general 
than  the  translated  T-matrlx? 

Vasundara  Varadan:  The  quantities  that  I  charted  as  Sigma  were  exact  results  using  the  full  expression 
for  the  T-matrlx,  taking  Into  account  all  the  scattering.  I  Inverted  the  whole  matrix.  What  I 
called  Sigma  hat  was  allowing  the  singly  spheres.  That  means  I  added  the  amplitudes  rather 
than  the  cross  sections  from  each  one  of  the  spheres  or  spheroids,  so  those  were  the  three 
levels.  One  was  what  I  called  --  which  is  a  full  T-matrlx.  The  second  one  was  where  you  added 
just  two  amplitudes  to  the  two  singly  scattered  waves  and  don't  let  Interfere  all  but  add  the 
two  cross  sections.  It  seems  like  Sigma  hat  Is  pretty  close  to  the  real  Sigma.  It's  good 
enough  to  let  them  Interfere, 

Unidentified  Speaker:  It  might  be  rather  useful  If  these  results  were  taken  and  put  In  a  time  domain 
with  a  simple  Fourier  transform;  It  offers  a  little  different  kind  of  Intuition. 

Jon  Opsal:  I  gave  my  result  to  Dick  Elsley.  He  has  transformed  them  Into  the  time  domain. 

Unidentified  Speaker:  I  have  a  question  on  the  first  paper.  Were  those  calculations  also  for  elastic 
spheres  Immersed  in  water? 

Vasundara  Varadan:  No.  They  were  for  spherical  cavities  In  elastic  solid. 

Bruce  Thompson,  Chairman:  I  have  one  question  to  ask  either  Bill  or  Jon.  It  seems  to  me,  that  from  the 
material  science  point  of  view  a  very  Important  problem  Is  a  crack  that  grows  from  the 
Inclusion,  breaks  the  Inclusion  and  breaks  out  Into  the  host.  You  didn't  have  your  host  being 
broken.  The  Saturn  Ring.  That's  as  poor  - 

Jon  Opsal :  A  cavity  with  a  crack  around  it. 

Bruce  Thompson,  Chairman:  And  Bill  had  a  solid  medium  with  a  crack  on  the  Inside.  What  are  the 

problems  when  you  try  to  put  chat  all  together  and  have  a  crark  growing  from  the  inside  into 
the  host  medium.  Is  that  an  order  of  magnitude  or  more  difficult  or  just  is  that  simple 
extrapol  atlon? 

Jon  Opsal:  It’s  more  bookkeeping. 
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Bruce  Thompson,  Chairman:  A  lot  more  bookkeeping  or  a  little  more  bookkeeping? 

Jon  Opsal :  No,  It's  not  that  much  more. 

Bruce  Thompson,  Chairman:  One  final  question, 

Chris  Burger  (Iowa  State):  Bruce,  you  were  talking  about  from  a  theoretical  standpoint.  I  have  heard 
people  talking  at  weld  meetings  a  lot  about  the  significance  of  porosity.  What  they  observe 
under  the  microscope  Is  that  the  pores  are  not  Individual  hollow  spheres,  but  the  residual 
stresses  -  or  somewhere  In  the  welding  process  those  pores  actua'ly  become  little  spheres  with 
halo-like  cracks  around  them.  And  when  Bill  Vlsscher  puts  his  problem  on  the  board  -  there  Is 
somebody  addressing  that  prchlem  -  and  then  he  put  the  whole  thing  In  a  bath  of  water,  and  It 
didn’t  solve  the  problem.  But  could  you  translate  that,  essentially,  to  that  kind  of  problem 
where  you  have  the  hollow  sphere  with  a  halo-like  crack  around  - 

Bruce  Thompson,  Chairman:  I  believe  that’s  what  Jon  calculated.  That  is  the  Saturn  Ring  defect,  I 
believe. 

Jon  Opsal:  That’s  just  exactly  what  I  was  showing. 

Bruce  Thompson,  Chairman:  I  think  Bernle  Tlttmann  will  show  some  experimental  results  on  just  that  kind 
of  sample. 
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ABSTRACT 

The  matrix  variational  Pad?  approxlmant  and  Its  generalization  to  elastic  wave  scattering  are  dis¬ 
cussed.  Predictions  of  the  method  for  the  scattering  of  a  longitudinal  plane  wave  are  compared  with  the 
exact  scattering  from  spherical  voids  and  Inclusions.  Its  predictions  are  also  compared  to  those  of  the 
first  and  second  Born  approximations  and  to  the  standard  matrix  Pad?  approxlmant  based  on  these  Born 
approximations. 


INTRODUCTION 


This  Is  a  preliminary  report  on  the  applica¬ 
tion  of  the  Li ppmann-SchwInger  variational  princi¬ 
ple  to  the  scattering  of  elastic  waves  from  voids 
and  Inclusions.  This  particular  variational  prin¬ 
ciple  has  the  advantage  of  being  formulated  In 
terms  of  the  scattering  matrix  and  hence  directly 
giving  the  physical  quantities  of  experimental 
Interest.  The  trial  functions  used  In  this  appli¬ 
cation  of  the  variational  principle  allow  the  sta¬ 
tionary  value  of  the  variational  form  to  be  expres¬ 
sed  in  a  compact  block-matrix  form  with  the  block- 
matrix  elements  corresponding  to  terms  In  the  Born- 
Neumann  series  solution  to  Lne  Integral  equation 
of  scattering. 

Our  principal  motivation  for  using  the  varia¬ 
tional  approach  Is  to  develop  a  method  for  treating 
the  scattering  of  elastic  waves  from  complexly- 
shaped  defects  when  the  wavelength  of  the  incident 
wave  is  comparable  to  the  size  of  the  defect  and 
from  collections  of  defects.  Present  methods,  like 
the  eigenfunction  expansion  methods ,  6  are  for 

practical  reasons  limited  to  axial ly-symmetric 
defects  and  are  awkward  to  apply  to  a  collection  of 
defects. 


Inclusion.  If  the  void  or  Inclusion  is  embedded 
in  an  unbounded,  Isotropic  medium,  then 


9lj(r*r,) 

with 


slj  TV 


? _ s  /i 


,1aR 


1BRV 

\z) 


and  n  and  p  equal  to  the  longitudinal  and  transverse 
wavenumbers.  We  also  have  that 


v1j(r)  *  «Pw2©(r)<S1J  +  PCjkjft 


0(r)  ~  (3) 

k 


with  6p  and  5C,ik£  equal  to  the  density  and  stiff¬ 
ness  dl fferenc?s*between  the  flaw  and  host  material 
and  with 


|l,  for  r  inside  the  defect 
0(r)  *  (4) 

(0,  otherwise 

The  parameter  p  Is  the  density  of  the  host  material, 
and  oj  Is  the  circular  frequency  of  the  Incident 
wave. 


Below  we  summarize  some  exact  results  from  the 
Integral  equation  approach  to  scattering  theory. 

Then  we  discuss  four  approximations:  the  first  and 
second  Born  approximations,  the  [1/1]  matrix  Pade 
approxlmant,  and  the  variational  approach,  formally 
called  the  variational  matrix  Pad?  approxlmant. 

The  first  two  approximations  are  necessary  compon¬ 
ents  to  our  application  of  the  fourth  approximation. 
We  Include  the  third  method  as  a  way  to  bridge  the 
variational  method  and  the  two  perturbation  approxi¬ 
mations. 


EXACT  RESULTS 


The  Integral  equation  describing  the  scatter¬ 
ing  of  an  elastic  wave  from  voids  and  Inclusions 
Is6 


form 


In  the  far-fleld  the  solution  to  (1)  has  the 


U1  ~  U1  +  A1  f 


ioR 


JPr 


+  B 


1  r 


with  the  scattered  amplitudes  given  by 

A1  "  ?1?jfj("} 

B1  ‘  (61j  -  ?1?J)fj(^ 
and  the  f-vect.or  defined  by 

f1(t)  1  e"1k'rv1J(?)uj(?) 


(5a) 

(5b) 

(6) 


where  £  *  kr  and  r  Is  the  direction  of  scattering. 


where  u°(r)  Is  the  Incident  wave,  g^j(r.r')  Is  the 
Green's  function,  and  Vjk(r)  describes  the  void  or 


The  quantity  of  experimental  Interest  Is  the 
differential  cross-section.  If  the  incident  wave 
Is  a  plane  wave  of  the  form 
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(7) 


d1  e 


1  tVf 


then  the  differential  cross-section 

for  the  longitudinal  component  of  the  scattering  Is 


dP 


A  2 
d 


(8) 


There  Is  an  alternate  Integral  equation 
approach  to  the  scattering  that  Is  formulated  In 
terms  of  the  scattered  amplitudes,  ^If  bo|h  sides 
of  (1)  were  operated  $n  by  exp(-1k*r)v,  .(r)  and 
then  Integrated  over  r,  It  follows  fromJ(6)  that 
(1 )  is  now  equivalent  to 


Uu(r)  *  U°?(r)  +  y^t'g,  j(r,r' )vjk(r' )Uks(r' )  (13) 

where 


■  &ueik°4  '  (19) 

Also,  we  note  that  the  specific  formula  for  the 
scattering  matrix  Is  now 


T1k(£,£°)  e'1^‘^'v1  j(r)Ujk(r)  .  (20) 

APPROXIMATIONS 


fjUO 


fer  * 

f<\r  /df'e-lS-rvij(r)gjk(?.f'  )vjk(r 1  )uk(r’ ) 


(9) 


so  with  the  definitions 


(10) 

Vt/k.k0)  .  /dre-i^r'vij(?)e^°*? 

(11) 

and  the  use  of  the  Fourier  transform  of  (2), 

a./q)  -  ?’)elV? 

the  equation  (9)  becomes 

Tij(k,^°)  =  Vij(k,k°)  +ydqV.k(k,q)Gki(q)Ts,j(q,'ls0)  . 

_  (12) 
The  matrix  function  T..(k,x  )  has  the  follow¬ 
ing  simple  relation  to  the'seattered  amplitudes 

Ai  =  ^jTjk^’l^'V4lT('''+2,‘) 

(13a) 

Bi  =  (tSij  -  ^VV^°)dk/4uM 

(13b) 

where  X  and  p  are  th§  tam(?  parameters, 
matrix  function  Vjj(k,k°)  equals 

The  other 

v^W0)  •  t^U^sCU0) 

04) 

where 

1 1 j { K , )  *  [6 pu>2  -  6n(t*t°)]6 j j  -  fiXk 

and  the  shape  factor 

,k°  -  fipk^kj 
(15) 

S(U°)  =  /droOV(^4)‘"  * 

(16) 

Several  additional  definitions  and  equations 
will  prove  useful.  First,  If  wj  use  (9)  for  inci¬ 
dent  wave  and  If  we  define  U ^ j ( r )  by 

V?)  -  uij(?)dj 

(17) 

then  we  can  rewrite  (1)  as 


The  First  and  Second  Born  Approximations  -  A  formal 
solution  to  the  integral  equation  for  the  scattei- 
ing  matrix  can  be  obtained  ,  Iterating  the  equa¬ 
tion  to  produce  what  Is  often  called  the  Born- 
Neumann  series.  If  only  the  first  term  in  this 
series  Is  used  (i.e.,  no  iterations  are  performed), 
then  the  resulting  approximation  Is  called  the 
first  Born  approximation.  The  first  Born  approxima¬ 
tion  to  (12)  corresponds  to' 

T^rt.t0)  «  Vjjtf,*0)  .  (21) 

If  the  first  two  terms  of  the  Born-Ncumann 
series  are  kept  (I.e.,  one  Iteration  Is  performed), 
then  the  approximation  is  called  the  second  Born 
approximation.  For  (12)  the  second  Born  approxi¬ 
mation  corresponds  to 

T^rt.t0)  =  Tjjht.t0)  +  Tj^rt.t0)  (22) 

where 

TjVtf.t0)  -  V^OU0)  (23a) 

T^(t,t°)  ‘J dqt1k(£,q)S(£,q)Gk(,(q) 

•  S(q,t°)t£j(q,t°)  .  (23b) 

The  matrix  functions  t| ! ^  and  T,^  are  called  the 
first  and  second  Born  terms. 

The  evaluation  of  the  second  Born  term  is  not 
a  trivial  numerical  task.  Normally,  the  second 
Born  term  is  a  6-dlmenslonal  Integral  with  a  singu¬ 
lar  integrand.  In  our  particular  case,  because 
the  defect  volume  Is  assumed  to  be  finite,  the 
integral  Is  finite.  The  way  we  chose  to  express 
the  second  Born  term  bar.  reduced  the  dimensionality 
of  the  Integration  to  3;  the  Integrand  Is  still 
singular,  but  the  integral  Is  now  Infinite.  A 
possible  advantage  to  the  present  approach  Is  the 
isolation  of  the  shape  d  •'■'ndence  of  problem  In  the 
shape  factor  (16).  Ho\  ■  second  Born  term  Is 
Integrated  numerically  essentially  Independent 
of  the  flaw  shape.  The  shape  factor  Is  just  some 
subroutine,  usually  a  simple  one  since  (16)  can 
often  be  evaluated  analytically  or  else  reduced  vo 
a  one  or  two-dimensional  numerical  integration. 

Through  the  shape  factor  It  1$  also  easy  to 
study  multiple  defect  problems.  For  example,  for 
N  Identical  defects  whose  centroids  are  located  by 
the  shape  factor  gets  replaced  by 
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S(k,k° 


t 

1=1 


G 


where  S(k,k°)  Is  the  shape  factor  for  one  of  the 
defects.  The  summation  in  the  above  Is  called  the 
structure  factor. 


The  [1/1]  Matrix  Pad?  Approximation  -  If  F_( x )  Is  a 
matrix  function  of  x  and  If 


f(x)  »  f^  +  f^x  +  f*2V  +  ••• 

then  the  [M/N]  matrix  Pad?  approximation  to  _F(x)  is 
defined  byfi 


p[M/N](x) 

(26a) 

where 

Sfl(x)F(x) 

-£*(*)  =^*M+N+1). 

(25b) 

Clearly,  If  W(r)  and  U_(r)  are  exact,  the  above  Is 
an  exact  expression  for  the  scattering  matrix. 

The  expression  also  h^s  the  feature  that  considered 
as  a  functional  of  W(r)  and  U(r)  It  is  stationary 
with  respec^  to  Independent  and  arbitrary  varia¬ 
tions  of  W(r)  and  U(r)  about  their  exact  values. 
When  used  as  a  varTntiunal  form,  the  expression 
is  a  generalization  to  elastic  wave  scattering  of 
the  Llppmann-Schwinger  variational  principle, 


There  are  many  w^ys  to  choose  the  trial 
functions  W(r)  and  U(r),  We  chose 


II 

U(f)  -  J[J  a1 


(1)J^(1)-r 


(29) 


W(r)  =  E  b(i,elt(l)'? 
1=1 


When  (2d)  is  made  stationary  with  respect  to  these 
choices, 


(For  compactness,  we  now  denote  matrices  by  under¬ 
lined,  capital  Roman  letters.  Below,  all  matrices 
representing  physical  quantities  are  3*3.) 

Specifically,  from  (18)  and  (20), 

T[1/1](k.k°)  *  f1>(k,k°)[i;i>(k,k°) 

-  T^l'U0)]-1  T(1)(U°)  .  (26) 

Hence,  if  the  first  two  tonus  of  the  Born  series 
are  known,  it  is  a  trivial  procedure  to  evaluate 
the  [1/1]  matrix  Pad?  approximant.  The  result  may 
be  a  better  approximation  than  given  by  the  second 
Born  approximation, 

lecnnically,  the  definition  (21)  is  of  a  left 
handed  matrix  Pad?  approximant.  If  Pjn(x)  is 
inverted  instead  of  the  (]fj(x),  then  a  right- 
handed  matrix  Pad?  approximant  is  defined.  The 
different  definitions  can  be  shown  to  give  equiva¬ 
lent  answers. 

The  Variational  Matrix  Pad?  Approximant  -  First,  we 
identi fy  U[fl  as  the  matrix  function  satisfying  the 
adjoint  equation  of  (18) 

W(r)  *  W°(r)  +  y^r'  <j_* ( r ,r '  )v_(r'  )W(r)  (27a) 

wtiere 

wTr)*Ie^.  (27b) 

Next,  w£  operate  on  both  sjdes  of  (18)  with 
W  (r)V(r),  integrate  over  r,  and  subtract  (20)  from 
the  result  to  find 


I(U°)  U(?) 


and  (28)  can  be  expressed  in  the  following  compact 
form 


T(U°) 


,.T(1)(iU(N))j 


r*ii  •**  V 


i-i 


L— IN  ^NNj 


i<,)(iE<1).tEon 


L(1)(6(1,.t£0) 


(30a) 


where  we  have  defined 

X..  »  T^^k^.ic^)  -  T(2)U<(1),K'j))  (30b) 

Equation  (30)  is  a  block-matrix  equation:  Matrix 
multiplication  is  done  by  the  rule  of  block-matrix 
multiplication.  The  transpose  operation  is  on 
block  elements  and  not  on  the  individual  matrices 
comprising  those  elements.  In  (30)  the  need  to 
calculate  the  first  and  second  Born  approximations 
is  evident.  The  reader  should  compare  (30)  with 
(26). 


RESULTS 


For  an  incident  longitudinal  plane  wave  we 
computed  the  longitudinal  backscatterlng  from 
spherical  defects  predicted  by  each  of  the  four 
approximations  and  compared  the  results  to  the 
exact  scattering  from  spherical  voids  and  inclu¬ 
sions.  We  studieo  the  breakdown  of  the  approxi¬ 
mations  as  ka  is  increased  and  as  the  density  and 
stiffness  of  an  Inclusion  is  incrementally 
decreased  from  that  of  the  host  material  to  that  of 
a  void,  (k  is  the  scattered  wave  number,  and  a  is 
the  radius  of  the  sphere.) 

For  the  variational  part  of  the  calculation 
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our  trial  function  was 


U(r)  =  a(1)eit04  +  a(2)e^*?  (31) 

not  a  serious  choice.  It  was,  however,  an  effec¬ 
tive  and  convenient  choice  to  study  the  internal 
behavior  of  our  computer  program.  (If  (31)  were 
used  to  calculate  the  forward  scattering,  then  the 
two  wave  vectors  in  (31)  become  equal,  and  the 
square  matrix  in  (31)  becomes  singular  and  non- 
irivertible.  With  (31)  and  the  second  Born  term, 
only  two  additional  second  Born  terms  are  needed 
for  a  non-trivial  variational  calculation.) 


ational  calculation,  when  (31)  is  used,  is  never 
better  than  the  first  Born  approximation.  In  Fig. 
1  we  plotted  our  results  only  for  the  second  Born 
approximation.  Including  the  results  of  the  other 
calculations  clutters  the  figure  without  revealing 
more  information  than  what  was  just  said.  Pre¬ 
sently  we  are  trying  to  find  a  more  reasonable 
choice  of  trial  functions.  We  will  report  our 
results  elsewhere,  accompanied  by  a  more  expansive 
treatment  of  the  theoretical  methods. 
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Fig.  1  The  longi-"-i inal  backscattering  from  a 

spherica.  ..'.id  and  inclusions  that  is  pre¬ 
dicted  by  the  second  Born  approximation 
plotted  as  a  function  of  ka.  Each  line  is 
for  an  inclusion  whose  density  and  Lam£ 
parameters  are  reduced  by  a  factor  of  0.1, 
0.3,  0.5,  and  1.0  relative  to  the  host 
medium.  The  reduction  of  1.0  corresponds 
to  a  void. 

We  were  uncertain  how  well  the  variational 
calculation  would  work,  but  believed  that  the 
second  Born  approximation  would  have  larger  ranges 
of  validity  than  the  first  Born  approximation  and 
that  the  [1/1]  matrix  Pad<5  approximant  would  be  at 
least  valid  as  the  second  Born  approximation.  This 
is  what  we  found.  Additionally,  we  found  the  vari- 
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SUMMARY  DISCUSSION 


Bruce  Thompson,  Chairman  (Rockwell  Science  Center  [now  Ames  laboratory]):  Me  have,  perhaps,  time  for 
one  question. 

Jim  Rose  (Ames  Laboratory):  What's  Included  In  the  scattering?  Any  double  scattering?  What  have  you 
left  In  and  what  have  you  left  out? 

Jim  Gubernatls  (Los  Alamos  Scientific  Laboratory):  With  respect  to  variational  principle,  that's  not 
always  a  reasonable  question.  What  I  am  doing  can  not  be  described  as  a  perturbation 
approach.  Variational  principles  in  general  are  non-perturbat(ve.  With  this  particular  choice 
of  variational  form,  It's  simply  that  along  with  computing  the  variational  results,  I  also 
compute  the  perturbations.  I  am  not  Identifying  something  In  a  small  parameter.  What  I  am 
attempting  Is  to  choose  a  trial  wave  function  which  to  some  extent  has  an  approximate 
relationship  to  the  physical  answer,  so  what  has  to  be  put  into  the  calculation  Is  intuition. 

Jim  Rose:  What's  your  perturbation  to  the  pade? 

Jim  Gubernatls:  The  pade  I'm  not  Interested  in.  I  am  unclear  of  the  full  significance  of  the  word 
"pade"  In  the  matrix.  Variational  pade  approximant  method  other  than  the  results  are 
expressible  In  what  Is  called  In  the  pade  literature  as  the  nutall  compact  form.  So  the  method 
Is  really  a  variational  principle.  At  least  I  don't  see,  with  respect  to  pade  approximants 
what  It's  doing  for  you  other  than  It  does  preserve  the  symmetry  (reciprocity)  of  your 
matrices.  I  don't  think  of  the  method  In  terms  of  perturbations. 

Unidentified  Speaker:  Where  Is  the  literature  on  the  method? 

Jim  Gubernatls:  For  a  start,  there  were  several  papers  which  appeared  two  years  ago  In  i'hyslcal 
Review.  8y  Bessls  and  some  co-workers. 

Bruce  Thompson,  Chairman:  Thank  you,  Jim.  I  think  perhaps  we  had  better  go  on. 
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ABSTRACT 

Scattering  of  elastic  wives  by  complex  defects  Is  Investigated.  In  previous  work  the  Distorted  Wave 
Born  Approximation  was  developed,  In  which  a  general  shaped  defect  Is  represented  as  a  sphere  S  and  a 
remainder  volume  R,  the  latter  being  treated  In  first  order  perturbation  theory.  The  DWBA  was  used  to 
study  scattering  by  a  sequence  of  defects  representing  Increasingly  larger  deviations  from  spherical; 
comparisons  with  experiment  and  other  theories  were  made.  This  approach  breaks  down  when  scattering  by 
R  Is  of  similar  magnitude  as  by  S.  Such  Is  the  case  for  complex  defects  such  as  two  spheres,  or  a 
sphere  and  a  crack  emanating  from  It.  To  treat  such  situations,  a  multiple  scattering  formalism  was 
developed. 


INTRODUCTION 


Development  of  approximate  solutions  to  the 
scattering  of  elastic  waves  by  defects  has  proved 
to  be  most  useful  for  progress  In  nondestructive 
evaluation  of  materials.  Applications  of  such 
approximate  methods  Include  comparisons  with 
experiment,  identification  of  features  sensitive 
to  scatterer  characteristics  of  special  interest, 
Incorporation  in  adaptive  learning  procedures  and 
development  of  inversion  schemes. 

Significant  progress  In  this  area  was  achieved 
during  the  recent  few  years.  New  methods  that 
were  developed  include  the  truncated  T-matrlx 
approach,1  variational  methods,2  the  Distorted 
Wave  Born  Approximation3  (DWBA)  and  extensions  of 
geometrical  diffraction  techniques.4  Comparison 
of  results  obtained  using  different  techniques  and 
also  with  experiment  are  most  encouraging.  How¬ 
ever,  all  techniques  have  limitations  and  dif¬ 
ferent  regions  of  validity. 

In  the  DWBA  a  general  shaped  defect  is  repre¬ 
sented  as  a  sphere  and  a  remainder  volume  R  which 
Is  treated  as  a  perturbation.  In  some  cases  this 
approach  gave  surprisingly  good  results  even  for 
large  volume  perturbations.  However,  in  the  case 
of  strong  scatters  (such  as  cavities),  the  DWBA 
will  break  down  when  the  remainder  volume  R  Is 
large.  To  Investigate  the  limitations  of  the  DWBA 
prior  to  embarking  on  data  Inversion  based  on  It, 
we  studied  scattering  by  a  sequence  of  defects 
with  Increasing  R.  The  results  of  this  Investiga¬ 
tion  are  presented  In  Section  II. 

Obviously,  the  DWBA  has  quite  general  limita¬ 
tions.  In  many  practical  situations  It  Is  not 
possible  to  present  a  defect  as  a  sphere  and  a 
small  volume  perturbation.  Two  such  defects  are 
shown  in  Fig.  1.  The  defect  of  Fig.  la  consists 
of  a  sphere  with  a  circular  crack  emanating  from 
Its  equator.  Since  the  crack  Is  not  a  volume 
perturbation,  its  contribution  to  the  scattering 
can  not  be  evaluated  by  means  of  the  DWBA.  Figure 
lb  presents  a  compound  defect  that  consists  of  two 


closely  spaced  spheres  of  slightly  differing  size. 
When  one  sphere  is  much  smaller  than  the  other, 
the  DWBA  Is  expected  to  yield  good  results.  How¬ 
ever,  when  the  sizes  are  about  the  same,  there  Is 
no  justification  to  treat  one  exactly  and  the 
other  as  a  perturbation.  This  multiple  defect  Is 
the  prototype  of  situations  In  bond  areas,  where 
one  has  to  deal  with  an  aggregate  of  equally  Im¬ 
portant  volume  defects.  The  aim  of  our  investiga¬ 
tion  Is  to  develop  a  method  that  can  provide 
reasonable  approximations  to  the  scattering  from 
defects  such  as  those  of  Fig.  la  and  lb.  The 
basis  of  the  method  is  to  represent  the  scatterer 
as  two  parts  Ri  and  R2,  such  that  the  exact  or 
approximate  solutions  to  both  problems  (Ri  present 
only,  and  R2  only)  are  known.  Then  we  apply  a 
method  of  multiple  scattering,  treating  the  Inter¬ 
action  between  the  scatterers  as  perturbation. 


Fig.  1  Two  complex  defects  (a)  circular 

crack  emanating  from  spherical  cavity, 
and  (b)  two  spherical  cavities. 
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This  multiple  scattering  formalism  is  devel¬ 
oped  In  Section  III,  and  applied  for  specific 
geometries  in  Section  IV. 

SCATTERING  BY  NONSPHERICAL  DEFECTS  -  DWBA 


The  formalism  of  the  Distorted  Wave  Born 
Approximation  mis  presented  elsewhere;3  here  we 
only  summarize  the  results.  Representing  the 
defect  as  a  sphere  S  and  a  remainder  volume  R,  the 
scattered  longitudinal  wave  in  direction  r,  for  an 
incident  longitudinal  wave  along  rQ  Is  given  by 

S  .  , 

u^  =  u^  +  ra  (Dj  +  D2  +  D3)exp(iar)/r 


where  a  Is  the  longitudinal  wave  vector  and  the 
coefficients  Dj  are  expressed  In  terms  of  the 
known  solutions  of  the  spherical  scattering  prob¬ 
lem,  Integrated  over  the  volume  R.  We  considered 
a  sequence  of  defects  as  shown  in  Fig.  2.  This 
sequence  represents  increasing  deviations  from 
spherical  shape.  The  defects  considered  consist 
of  a  large  spherical  cavity  (radius  400  u)  and  a 
small  hemisphere  (of  radius  200  u),  connected  by  a 
cylindrical  "neck"  of  length  1.  We  studied  the 
cases  1*0,  100,  200,  400  u.  The  scattered  power 
was  calculated,  for  Illuminations  from  back,  side, 
and  front  of  the  small  hemisphere.  Both  angular 
distribution  of  the  scattered  power  at  fixed  fre¬ 
quencies  and  the  frequency  dependence  of  the 
backscattered  power  were  calculated.  Some  of  the 
results  of  these  calculations  are  shown  in  Figs. 

3,  4,  5.  All  three  figures  show  the  angular  de¬ 
pendence  of  scattered  power  for  aa  =  2.  It  should 
be  noted  that  for  aa  *  1  deviations  from  the  pat¬ 
tern  obtained  for  a  sphere  (the  solid  line  of  Fig. 
3,  4)  are  too  small  to  measure,  even  for  the  de¬ 
fect  with  1  *  400.  Deviation  from  spherical  shape 
Is  most  noticeable  for  Illumination  from  the  side, 
l.e.,  a  direction  of  low  symmetry  (Fig.  4).  This 
fact  Is  quite  Important  for  quantitative  defect 
characterization.  Consider  now  Fig.  5,  which 
compares  scattered  power  for  aa  *  2,8  *  135°,  as  a 
function  of  the  azymuthal  angle  4,  for  a  sequence 
of  defects.  A  spherical  defect  would  yield  con¬ 
stant  scattered  power;  deviations  from  spherical 
shape  are,  as  expected,  more  pronounced  for  the 
higher  1  values.  We  have  also  studied  backscat¬ 
tered  power  as  a  function  of  frequency,  for  va¬ 
rious  directions  of  Incidence  and  scatterer 
shapes.  However,  to  our  disappointment  we  found, 
that  backscattered  longitudinal  power  (a  rela¬ 
tively  simple  measurement)  Is  not  sensitive  enough 
to  the  detailed  shape  of  the  scatterer.  More 
Information  can  apparently  be  obtained  from  anal¬ 
ysis  of  experiments  In  which  angular  dependence  of 
the  scattered  power  is  measured.  Again  we  ob¬ 
served  that  deviations  from  spherical  shape  are 
hardly  noticeable  for  aa  <  1.5. 

Detailed  comparison  of  our  results  with  ex¬ 
periment  and  other  methods  Is  given  by  Tlttmann  In 
these  proceedings.8 

MULTIPLE  SCATTERING  THEORY  -  GENERAL 


In  this  Section  we  present  a  systematic 
expansion  for  scattering  by  two  defects.  An 
alternative  approach  was  taken  by  Varadan  et  a!9 
to  the  problem  of  scattering  by  two  spheres. 

Their  work  Is  based  on  the  truncated  T  matrix 
approximation.  Although  limited  to  problems  with 


Fig.  2  A  sequence  of  non  spherical  defects; 
a  small  hemispherical  cavity  Is 
connected  to  a  large  spherical  one  by  a 
"neck"  of  length  1.  As  1  Increases  from 
zero,  the  scatterer  deviates  more  from 
spherical  shape. 


Fig.  3  Scattered  power  as  a  function  of 

scattering  angle  for  two  directions  of 
Incidence,  on  defect  with  1  =  400  u. 
The  right  half  corresponds  to  the 
situation  with  the  small  hemisphere 
directly  Illuminated;  the  left  hand 
side  to  Incidence  on  the  large  sphere, 
aa  «  2,  Is  the  Incident  wave  number 
and  a  the  large  sphere  radius,  a  = 

400  u. 


cylindrical  symmetry,  their  method  is  powerful  and 
can  yield  approximate  solutions  of  Increasing 
accuracy  to  the  particular  problem  studied.  (Xir 
method  Is  easily  general izable  for  more  than  two 
defects  and  no  symmetry  requirement  Is  Imposed. 

Consider  an  infinite  elastic  medium  character¬ 
ized  by  density  pq  and  elastic  tensor  C?;kl,  In 
which  two  regions  Ri  and  R2  with  densities  pj,  p2 
and  elastic  tensors  Cl  and  C2  are  embedded.  We 
look  for  solutions  of  the  wave  equation 


(Cijkluk,l 


2 

j  +  pw  =  0 


a) 
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Fig.  4  Angular  dependence  of  scattered  power 
for  incidence  from  the  side;  a  =  2, 
a  =  1  =  400  u. 


Fig.  5  Power  scattered  at  6  =  135° ,  as  a 
function  of  azimuthal  angle  p,  for 
Incidence  from  the  side  on  defects 
with  1=0  (solid  line)  1  =  200  u 
(dotted  line)  and  1  =  400  u  (dashed 
line). 


of  the  form 


ut(r)  =  u°(r)  +  u^(r) 


where  u°  is  a  plane  wave  and  uS  an  outgoing 
spherical  wave. 

Using  the  formalism  developed  by  Gubernatis  et 
al5  the  solution  of  (1)  can  be  written  as 

u1  (r.)  »  u°(r)  +  l  /dr‘[g°(r,r/  )V^°'  i(r'  )]1 


where  we  used  the  notation 


(3) 

with 


SC 


(a) 

p  "  po  ‘  p0 

»  =  c(«)  .  C° 


and 

eR  W  ={o  -r-eRa 

otherwise 

and  g°  (r,r‘)  Is  the  Infinite  medium  Greens 
function.  ~ 

Equation  (2)  is  a  generalization  of  the 
integral  equation  for  scattering  by  a  single 
defect.  From  now  on  we  will  suppress  all  ten- 
sorlal  Indices  and  Integrations;  thus  Eq.  (2)  Is 
rewritten  as 

u  =  u°  +  g°V(1)u  +  g°V(2)u  .  (4) 


It  Is  useful  to  Introduce  the  solutions  to  the 
scattering  problems  with  each  defect  (l.e. ,  when 
only  a  Is  present); 

u(a)  =  u°  +  g°V(aVa)  =  u°  ♦  u(a)S,a  =  1,2 


(5) 

and  the  respective  Greens  functions  that  satisfy 
the  equations 

g(«)  =  g°  +  g°y (a)g(“)  =  g°  +  gHS,a  =  1,2 


(6) 

Equations  (4)-(6)  are  Integral  equations;  the  (un¬ 
known)  solution  appears  on  both  sides.  To  express 
the  solution  In  terms  of  the  Incident  wave  only, 
one  introduces  the  T  matrix.  For  a  single  scat- 
terer  problem  T'a'  Is  defined  by 

u<o)  =  u°  +  g°T<a'u°  (7) 


and  for  the  problem  with  both  scatterers  present 
one  has 

u  =  u°  +  g°Tu°  . 

By  generating  the  Infinite  Born  series  using  (4) 
and  performing  partial  sunmatipns,  one. obtains  an 
expansion  for  T  in  terms  of  and  T''1'; 
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(13) 


T»T^  +  T^  +  T^gM2)  +  T^g°T^+  0(T^V 

(8) 

In  the  approximation  adopted  here  we  neglect  all 
higher  than  second  order  terms  In  the  T'a'. 
Physically,  our  approximation  contains  the  follow¬ 
ing  processes:  scattering  from  Ri  and  from  R2 
(single  scattering  processes);  scattering  from  Ri 
first  and  then  from  R2  and  vice  versus  (double 
scattering  processes).  The  first  two  terms  In  (8) 
contribute  to  the  full  solution  u  the  coherent  sum 
of  the  two  separate  scattering  problems;  the  next 
two  terms  constitute  the  lowest  order  approxima¬ 
tion  to  the  Interaction  between  the  scatterers. 
Using  the  approximation  (8)  for  the  T  matrix  In 
Eq.  (7),  the  solution  u  Is  expressed  as 

u«u°+  g^W*  ♦  . 


(9) 


Alternatively,  this  can  be  rewritten  as 

u=u°+  UWS+  u(2>S+  g^V2^2^  g^V^u*1* 

(10) 

On  these  equations  are  based  our  approximate  solu¬ 
tions  for  scattering  by  the  defects  of  Fig.  1. 
Application  to  the  defect  of  Fig.  lb  with  two 
spherical  elastic  Inclusions  Is  straightforward; 
the  solutions  to  scattering  by  a  sphere  are 
known,6  and  the  spherical  Greens  functions  were 
expressed  In  terms  of  these  solutions.3  As  to  the 
defect  of  Fig.  la,  one  needs  an  approximate  solu¬ 
tion  for  scattering  by  a  circular  annulus  and  a 
generalization  of  the  previous  formalism  for  non¬ 
volume  defects.  Such  a  generalization  Is  needed 
for  the  two  sphere  defect  also,  when  the  two 
spheres  are  cavities.  This  Is  so  since  our  ex¬ 
pression  for  u  Involves  the  exact  solution  for 
sphere  (1)  Inside  sphere  (1)  Itself,  where  It  Is 
not  defined.  Therefore  In  order  to  use  Eq.  (9)  or 
(10)  for  cavities,  a  formulation  of  multiple  scat¬ 
tering  theory  on  the  basis  of  surface  Integrals  Is 
needed. 

Surface  Formal  Ism.7  The  starting  point  is  the 
Integral  equation  for  the  solution,  In  terms  of 
Integrals  over  the  entire  surface  of  the  defect, 

^  * 


Vum  +  C1jkl  (ds'n1Cuj9r*,l,‘  9mjuk,l 


(U) 


It  should  be  noted  that  for  the  case  of  a  cavity 
(or  crack)  the  normal  stress  on  the  surface  S 
vanishes  and  only  the  first  term  In  (11)  Is 
needed. 

This  Integral  equation  can  be  expressed  in 
operator  form 


Vum  +{ds'nl4  Vijkluj  <12> 

where 


V1jk1  ”  C1jklV  '  C1jklV 

The  arrow  on  the  partial  derivative  indicates 
whether  It  acts  on  g°  or  u.  As  above,  we  will 
suppress  the  Integration  and  the  tensorlal  Indio 
to  write 

u  ■  u°  +  g°Vu 

When  the  surface  of  the  compound  defect  Is  the 
union  of  Si  and  S2,  the  surfaces  of  two  defects 
with  known  solutions,  the  formalism  of  part  A  can 
be  directly  applied,  again  yielding  expressions 
(9)  or  (10)  as  the  approximate  solutions  for  the 
compound  defect. 

APPLICATION  TO  TWO  SPECIFIC  0 EF ECTS 


Two  Spherical  Cavities.  The  exact  solutions  for 
scattering  of  plane  waves  by  a  single  spherical 
cavity  are  known.  We  have  also  been  able  to 
express  the  Green's  function  associated  with  a 
spherical  defect  In  terms  of  these  solutions.  The 
following  notation  Is  used:  u'a)  Is  the  solution 
associated  with  sphere  o  only,  and 


"!)’  •  <«!:!  * 

-  <vj*>  * 


(14) 


We  use  the  convention  of  Ref.  (3),  with 
uJr.k.e)  denoting  the  full  solution  of  the 
scattering  problem  at  point  r,  for  an  Incident 
plane  wave  with  wave  vector  and  polarization 
e.  The  displacement  field  due  to  two  spherical 
cavities  a  =  1,2  is  given  by 


umW  ■  umUl.-''(c0)Vt0)  +  1  e%(e)Zexp[lY(c)r]/rC62(e)  *  63(c)]  (15) 

y[t)  Is  the  wave  number  for  longitudinal 
A£  *  A0  *  A 
(e  =  r)  or  shear  (  e  *  e  or  f)  waves;  the 

coefficients  0Z  and  03  are  given  by 


tl3'' Vi/1*'- 

♦J  ii5'nku^*(j:’,-'r(c0)rolc0)u{|J,(r',.t(c)r,c)]  (16) 

SZ 


U  as'ojj'lr’ .-t(c)r,c)i5j*(r' 
S1 


♦  /  ds’',Sj*(£' .-'f(c)r,c)Tjj)(r'  ,-1(^)1-^)] 
S2 


(17) 


where  A,  u  are  the  Lame  parameters  and  p  the 
density  of  the  host  medium. 


Crack  Emanating  from  Volume  Defect.  The  solution 
?or  the  scattering  problem  is  again  expressed  In 
terms  of  the  solutions  for  the  two  separate  parts 
of  the  defect.  In  this  case,  these  are  a  spheri¬ 
cal  cavity  and  a  circular  annulus  of  vanishing 
volume,  on  the  surface  of  which  the  normal  stress 
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vanishes.  For  the  spherical  cavity  the  exact 
solution  Is  known;  however,  this  Is  not  so  for  the 
annulus.  Therefore  one  needs  an  estimate  for  the 
scattering  from  the  latter  defect.  We  propose  the 
following  approximate  solution;  use  a  reliable 
approximation  for  scattering  by  a  circular  crack 
to  obtain  the  crack  opening  (l.e. ,  the  discon¬ 
tinuity  duj  on  the  surface  of  the  crack)  and 
assume  that  this  function  represents  well  the 
discontinuity  for  the  annulus,  even  when  the 
central  part  of  the  crack  Is  replaced  by  appropri¬ 
ate  boundary  conditions  on  the  annulus.  Under 
this  assumption  one  obtains  for  the  scattering 
from  the  compound  defect  the  following  expression: 


um0:)  *  u°(£,-Yr0,c0)  ♦  r  ecY(t)Zexp[(Y(c)r]/r[OJ(c)  ‘  0J(3)]  . 

c  (18) 

where  u^  Is  the  solution  of  the  scattering 
problem  from  the  spherical  cavity,  u'^'  from  the 
circular  annulus.  This  function  Is  expressed  as 
an  Integral  over  the  discontinuity  of  the  ... 
displacement  field  across  a  circular  crack,  u'^', 
which  also  enters  In  the  formul  1  for  D^,  Oj: 


Oj  -  — !  ds'n.u.^'lr'  ,-Y(t  )r  ,c )u!2!,(r'  ,-Y(i)r,e) 

^  S‘  ’  (19) 

*  /  ds,nj»uj2)(r,,-Y(c0)r0,c0)u1(Jj,(r,,-t(«)r,!:)] 
s2 

t>3  •  ~5  t/  ds,Y(tJ)(r,,-v(c0)r0,c0).<^(r,,.Y(<:)r,c) 

pw  S  j 

♦  /  ds'<.<y(r',-T(c)r,c)M<Z)(r',-Y(to)ro,t0)]  (20) 

Numerical  codes  for  the  approximate  solutions 
based  on  Eqs.  (17)- (20)  are  currently  being 
developed. 
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SUMMARY  DISCUSSION 


Bruce  Thompson,  Chairman  (Rockwell  Science  Center  [now  Ames  Laboratory]):  There  Is  time  for  one  brief 
question. 

Unidentified  Speaker:  John  Simmons  (NBS)  has  just  completed  a  general  variational  method  for  dealing 
with  statistical  distributions  of  defects  in  multiple  scattering,  and  he  claims  It's  the  most 
exact  variation. 

Eytan  Domany  (Weizmann  Institute  of  Science):  It's  a  variational  method. 

Bruce  Thompson,  Chairman:  Thank  you,  Eytan,  we  will  now  move  on  to  the  next  paper. 


MEASUREMENTS  OF  SCATTERING  FROM  BULK  DEFECTS 


B.  R.  Tlttmann,  and  L.  Ahlberg 
Rockwell  International  Science  Center 
Thousand  Oaks,  CA  91360 


ABSTRACT 

This  report  presents  results  of  measurements  of  longitudinal  wave  ultrasonic  scattering  from  complex 
defects  embedded  In  T1 -alloy  by  the  diffusion  bonding  process.  The  defects  examined  are:  circular  and 
elliptical  cracks,  two  overlapping  voids  consisting  of  a  sphere  and  a  prolate  spheroid,  two  adjacent 
spherical  voids,  and  a  spherical  void  with  an  encircling  crack.  Representative  plots  are  given  for  the 
raw  waveforms,  magnitude  (and  sometimes  tl  phase)  of  the  deconvolved  Fourier  transform,  and  In  some 
cases  the  time  Impulse  response  function.  The  data  are  compared  to  or  analyzed  In  terms  of  several 
current  theories.  While  good  quantitative  agreement  was  observed  over  certain  ranges,  the  comparisons 
point  to  definite  (In  some  cases  not  unexpected)  limitations  In  either  the  pertaining  theory  or 
experiment  or  both.  Finally,  the  results  are  discussed  with  an  eye  toward  applications. 


OBJECTIVES  AND  APPROACH 

The  objective  of  this  task  was  to  carry  out 
experimental  studies  on  metallic  components  con¬ 
taining  defects  In  Its  Interior  with  the  aid  of 
bulk  wave  ultrasonic  nondestructive  evaluation. 

The  Investigation  had  the  goals  of  (1)  the  design 
of  specimens  containing  Irregular  shaped  bulk 
flaws;  (2)  the  characterization  of  the  flaws  In 
experiments  which  guide  and  evaluate  theoretical 
scattering  models;  (3)  the  testing  of  Inversion 
algorithms;  and  (4)  the  prediction  of  fatigue 
lifetime  and  failure. 

The  approach  was  to  use  diffusion  bonded  sam¬ 
ples  as  primary  test  medium.  Measurements  were 
made  of  the  angular  and  frequency  or  time  domain 
variations  of  the  scattered  signals.  The  results 
were  employed  to  guide  the  development  of  theo¬ 
retical  approaches  and  to  test  specific  theoret¬ 
ical  predictions  for  the  cases  of  multiple  and 
irregular  flaws.  As  a  guide,  experimental  compar¬ 
isons  of  the  differences  and  similarities  of  the 
scattering  properties  of  Irregularly  shaped  flaws 
and  ellipsoids  were  used  to  Identify  those  aspects 
of  the  theory  which  needed  further  work  and  to 
Indicate  what  physical  approximations  seem  most 
appropriate.  Approximate  theories  were  then 
checked  after  development.  Similarly  the  exper¬ 
imental  data  were  used  to  guide  and  check  Inver¬ 
sion  algorithms  In  their  attempt  to  reconstruct 
the  shape,  size,  and  orientation  of  the  flaws. 

This  Information  was  then  Inserted  Into  fracture 
mechanics  to  predict  fatigue  lifetime  and  failure, 
predictions  which  for  selected  samples  were  tested 
in  actual  fatigue  cycle  experiments. 

SAMPLE  PREPARATION 

In  close  collaboration  with  the  various  theo¬ 
retical  groups  representing  different  Inversion 
algorithms,  a  unique  set  of  diffusion  ponded 
samples  were  designed  and  built.  These  samples 
containing  a  variety  of  Irregular  and  multiple 
flaws  whose  scattering  characteristics  were  being 
obtained  In  order  to  guide  and  evaluate  develop¬ 
ments  of  theoretical  approaches  and  to  test 
specific  theoretical  predictions. 


lhe  work  was  divided  according  to  flaw  type. 
Two  flaws  were  simulated  cracks,  circular  and 
elliptical  in  shape,  respectively.  These  flaws 
were  unique  In  that  they  possessed  zero  thickness 
yet  experimentally  exhibited  a  reflection  coeffi¬ 
cient  whose  Imaginary  term  was  comparable  to  an 
air-metal  Interface.  These  flaws  were  Investi¬ 
gated  In  collaboration  with  Achenbach,  who  has 
recently  solved  the  Inverse  problem  on  the  basis 
of  physical  elastodynamlcs  for  high  frequency  far- 
fleld  elastic  waves  scattered  by  a  flat  crack. 

One  of  the  flaws  was  a  fatigue  crack  whose  growth 
history  was  planned  to  be  monitored  In  fatigue 
cycle  experiments  to  test  predictions  of  fatigue 
life  and  ultimate  failure.  Another  flaw  was  a 
perturbation  of  the  spherical  void  consisting  of  a 
small  sphere  and  a  modified  prolate  spheroid. 

This  work  was  carried  out  with  close  collaboration 
between  experiment  and  theory  with  the  view  of 
Identifying  key  features  suitable  for  data  Inver¬ 
sion.  Two  independent  theoretical  calculations 
were  available:  Domany's  Distorted  Wave  Born 
Approximation1  and  Opsal's  adaption2  of  Vissher's 
Matrix  theory.3  Another  flaw  was  a  simple  mul¬ 
tiple  defect  consisting  of  two  slightly  separated 
spherical  voids  of  equal  radii.  Varadan  and 
Varadan  have  used  matrix  theory  to  solve  the  prob¬ 
lem  of  scattering  from  similar  defects  so  that  a 
comparison  between  theory  and  experiment  was 
feasible. ■*  Finally,  the  Important  problem  of 
characterizing  cracks  growing  from  weldment  voids 
was  investigated  with  a  sample  consisting  of  a 
spherical  void  and  a  simulated  (Yttrla)  crack 
emanating  from  the  void  in  the  form  of  a  "saturn 
ring." 

RESULTS  AND  DISCUSSION 

A.  Samples  No.  69  and  72,  Simulated  (Yttrla) 

Crack's 

Achenbach  et  ai5"8  have  developed  methods  to 
analyze  diffraction  of  elastic  waves  by  cracks. 
They  showed  that  good  approximations  at  high  fre¬ 
quencies  can  be  obtained  on  the  basis  of  elasto- 
dynamic  theory.  In  the  range  of  frequencies  where 
the  wavelengths  are  of  the  same  order  of  magnitude 
as  the  characteristic  length  dimension,  a,  of  the 
crack,  the  frequency  dependence  of  the  scattered 
amplitude  shows  oscillatory  behavior  with  a  pci  !od 
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that  depends  on  a;  alternatively.  In  the  time 
domain  the  scattered  field  manifests  Itself  as  two 
waveforms  separated  by  a  time  Increment  which 
depends  on  a. 

As  discussed  In  detail  before,9  “trailer- 
hitch"  specimens  No.  69  and  72  were  prepared  to 
simulate  circular  and  elliptical  cracks,  respec¬ 
tively,  by  poisoning  the  bond  plane  area  with 
yttrla  powder.10  The  yttrla  was  applied  In  a 
liquid  suspension  which  was  allowed  to  dry. 

Figure  1  shows  a  schematic  of  "trailer  hitch"  No. 
69  and  a  photo  of  the  dried  yttrla  disk  just 
before  diffusion  bonding.  Ultrasonic  tests  of  the 
bondplane  area  after  diffusion  bonding  revealed 
the  absence  of  a  disbond  anywhere  except  In  the 
yttrla  area.  Here,  observation  of  complete  phase 
reversal  showed  that  the  waves  encounter  a  discon¬ 
tinuity  equivalent  to  a  metal -air  Interface, 
demonstrating  the  absence  of  any  transmission 
through  the  powder  to  the  opposite  face  of  the 
simulated  crack.  The  thickness  of  the  yttrla 
layer  Is  estimated  to  be  several  yttrla  grain 
diameter,  or  50  microns. 


SC  79-4910 


Fig.  1  Sample  69:  Circular  crack  simulated  with 
the  aid  of  yttrla  powder.  Top  figure  Is 
schematic  representation  of  lower  half  of 
"trailer  hitch."  tower  figure  Is  micro¬ 
photo  of  yttrla  powder  dot  before  diffu¬ 
sion  bonding. 


Specimens  No.  69  and  72  were  interrogated  in 
pitch-catch  with  the  transmitting  transducer  nor¬ 
mal  to  the  crack  plane  while  the  receiver  trans¬ 
ducer  were  placed  at  0°,  15°,  30°,  45°  and  55°  to 
the  crack  plane.  The  transducers  were  15  MHz, 
6.35  nm  diameter  broadband  Panametrlcs  trans¬ 
ducers.  Figure  2a  shows  the  pulse  echo  signal 
from  the  crack  normal  to  the  crack  plane,  while 
2b,  2c,  3a,  3b,  and  3c  show  the  pitch-catch  sig¬ 
nals  at  0C,  15°,  30°,  45°  and  55°  from  the  crack 
plane,  respectively.  Table  1  Is  a  list  of  the 
time  signal  minima,  maxima,  and  the  time  between 
them. 


SC«0*907 


Fig.  2  Time  domain  waveforms  for  Sample  69: 

Circular  crack,  (a)  Pulse-echo  signal 
from  crack  normal  to  crack  plane,  (b) 
Pitch-catch  with  transmitter  at  90°  and 
receiver  at  0°  with  crack  plane,  (c) 
Pitch-catch  same  as  In  (b)  but-  receiver  at 
15°. 


TIME  int) 

Fig.  3  Pitch-catch  time  domain  waveforms  for 
Sample  69  circular  crack.  Transmitter 
normal  to  crack  plane,  detector  at  angles 
(a)  30°,  ( b)  45°,  and  (c)  55°  above  crack 
plane.  Note  coalescence  of  two  "flash¬ 
point"  signals. 


In  qualitative  agreement  w<th  Achenbach  et  al , 
the  sound  field  scattered  by  the  crack  exhibited 
two  phase  Inverted  waveforms  separated  by  a  time 
Interval  which  decreased  as  the  receiver  angle 
increased.  An  Interesting  feature  of  Table  1  Is 
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Table  1.  Time  Domain  Positions  of  Waveform 
Features 


Angle  from 
Crack  Plane 

Time  of  1st 
Minima  (ps) 

Time  of  last 
Maxima  (ps) 

At  (pS) 

0 

0.405 

055 

0.463 

15 

0.425 

0.867 

0.442 

3D 

0.480 

0.876 

0.387 

45 

0.567 

0.866 

0.299 

55 

0.621 

0.850 

0.229 

that  the  arrival  time  of  the  first  waveform 
changes  dramatically,  whereas  the  second  waveform 
appec  s  to  remain  stationary  with  respect  to  an 
arbitrarily  chosen  reference  given  by  the  trigger 
signal.  This  result  may  be  a  consequence  of  near¬ 
field  effects  playing  a  role  for  the  crack  edge 
nearest  to  the  receiving  transducer. 

Despite  this  complication,  the  crack  diameter 
was  estimated  from  the  time  delays,  and  Table  2 
lists  the  results  In  good  agreement  with  the 
dimensions  of  the  micro  photograph  of  Fig.  1. 
Figure  4  shows  the  frequency  spectra  corresponding 
to  the  time  domain  signals  In  Fig.  2b  and  2c.  The 
spacing  between  the  Interference  minima  gave  crack 
diameter  estimates  In  similarly  good  agreement. 


Table  2.  Comparison  of  Estimated  and 
Actual  Crack  Dimensions 


Angle 

At 

(ps) 

Crack 
Dla.  (mm) 

Manufactured 
Dla.  mm 

Error 

% 

0 

0.463 

2.87 

2.85 

+  0.7 

15 

0.442 

2.84 

2.85 

-  0.3 

30 

0.387 

2.77 

2.85 

-  2.8 

45 

0.299 

2.62 

2-85 

-  8.7 

55 

0.229 

2.48 

2.85 

-16.8 

Similar  data  were  obtained  on  "trailer-hitch" 
No.  72,  a  simulated  (yttrla)  crack  In  the  shape  of 
an  ellipse.  Here,  the  time  delays  were  obtained 
systematically  as  a  function  of  angle  around  the 
periphery  of  the  ellipse,  with  the  transducer 
making  a  15°  angle  with  the  crack  plane.  Figure  5 
shows  a  comparison  between  the  estimated  shape  and 
the  outline  of  the  yttrla  deposit  before  diffusion 
bonding.  The  systematic  overestimate  of  the 
dimensions  suggests  that  during  the  diffusion 
bonding  process  the  yttrla  deposit,  which  may  have 
been  too  thick,  was  forced  to  spread  somewhat  and 
caused  a  somewhat  larger  disbond  area  than 
planned. 

B.  Sample  No.  100,  Tensile  Fatigue  Specimen 

Specimen  No.  100  was  designed  to  allow  the 
application  of  the  techniques  developed  In  the 
previous  section  for  failure  prediction  of  a 
fatigue  crack.  As  shown  In  Fig.  6,  this  sample 
was  prepared  by  Introducing  a  semi-circular  slot 
In  each  of  two  blocks  which  were  then  diffusion 
bonded  to  provide  a  circular  starter  notch  for 
crack  growth  under  cyclic  tensile  fatigue.  After 
diffusion  bonding,  the  block  was  machined  Into  a 
"dogbone"  geometry  with  the  shape  and  size  shown 
In  Fig.  6. 


Fig.  4  Frequency  spectra  obtained  by  digitizing 
and  Fourier  analyzing  time-domain  signals 
In  Figs.  2b  and  2c.  The  spacing  between 
the  Interference  minima  gives  crack 
diameter  estimates  In  good  agreement  with 
those  obtained  from  the  "flash-point"  echo 
separation. 

SCSQWM6 

SAMPLE  No.  72 


*  Fig.  5  Sample  72:  Elliptical  crack  simulated  with 
the  aid  of  the  yttrla  powder.  The  solid 
line  Is  the  outline  of  the  yttrla  powder 
region  just  before  diffusion  bonding,  the 
data  points  were  obtained  from  estimates 
based  on  pitch-catch  scattering  data.  The 
discrepancy  Is  thought  to  be  a  result  of  a 
slight  spreading  of  the  yttrla  powder  upon 
diffusion  bonding. 


The  sample  was  Inspected  with  ultrasound 
before  and  after  machining  Into  the  “dogbone" 
shape.  This  Inspection  was  carried  out  In  order 
to  have  good  knowledge  of  the  6.35  mm  diameter 
starter  notch  slot.  Several  experiments  were 
performed  In  the  scanning  tank,  plus  standard 
pulse  echo  and  pitch-catch  experiments.  Figure  7a 
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SAMPLE  No.  100 


SUBO  B'Hrt 


MAT.  Ti  6  4 

Fig.  6  Sample  100:  Tensile  specimen  with  Interior 
fatigue  crack  starter  notch. 


TIME  (f.sl 


Fig.  7  Time  domain  waveforms  for  sample  100.  (a) 

Pulse-echo  waveform  from  transducer  normal 
to  the  plane  of  starter  notch.  < b)  Pitch- 
catch  waveform  with  transmitter  normal  to 
starter  notch  plane  and  receiver  In  plane 
of  starter  notch. 

shows  the  pulse  echo  waveform  from  a  transducer 
oriented  normal  to  the  plane  of  the  slot.  This 
Interrogation  revealed  the  presence  of  a  small 
signal  originating  about  1.25  nm  above  the  main 
slot,  probably  due  to  a  small  defect  In  the 
material.  Figure  7b  Is  a  pitch-catch  waveform 
received  by  a  transducer  which  was  mounted  on  an 
adapter  to  the  cylindrical  surface  and  positioned 
In  the  plane  of  the  slot.  This  waveform  is 
analogous  to  those  obtained  with  the  yttrla  cracks 
and  gives  an  Indication  of  the  slot  diameter.  The 
slot  diameter  was  machined  to  be  6.35  rnn  diameter; 
the  diameter  estimated  from  the  waveform  Is 
6.11  mm. 


The  specimen  was  then  fatigue  cycled  but, 
unfortunately,  the  threaded  section  at  the  grip 
developed  a  crack  after  only  4470  cycles,  so  that 
sample  No.  100  failed  prematurely  and  was 
destroyed.  Figure  8  shows  a  micrograph  of  a  cross 
section  through  the  starter  notch  and  the  crack 
Initiated  from  It.  Closer  examination  of  the 
starter  norch  revealed  that  the  two  halves 
intended  to  be  mated  In  the  diffusion  bonding  pro¬ 
cess  were  actually  displaced  by  10%  In  the  bond 
plane  along  the  diameter.  A  small  displacement 
probably  also  occurred  a’ong  the  thickness  of  the 
notch.  Calculations  to  estimate  the  number  of 
cycles  to  grow  the  fatigue  crack  from  the  starter 
notch  to  Its  actual  size  gave  a N  *  3270  cycles 
which  Is  In  reasonable  agreement  with  the  actual 
&N  *  4470  cycles. 1 1 


Fig.  8  Micrograph  of  starter-notch  and  associated 
crack. 


Unfortunately,  the  first  ultrasonic  tests  were 
Intended  to  be  performed  at  5000  cycles,  so  that 
no  NDE  results  are  available.  Another  sample  is 
being  readied  for  new  tests.  The  design  has  been 
changed  to  prevent  any  future  premature  failures 
In  the  grip  section. 


C.  Sample  No.  73,  Pinnochlo 


Previous  pitch-catch  measurements  on  the 
trailer  hitches  with  the  goniometer  described 
before9  have  been  difficult  because  of  the 
requirement  for  strong  pressures  to  be  exerted  on 
the  goniometer  In  order  to  obtain  good  contact 
between  the  "trailer-hitch"  sample  under  test  and 
the  end  caps  which  adapt  the  transducer  to  the 
Spherical  geometry.  In  order  to  avoid  this  prob¬ 
lem,  the  following  scheme  was  devised.  First,  the 
transmitting  end  cap  was  hard  epoxyed  to  the 
sample,  which  resulted  in  an  excellent  stationary 
contact.  Second,  the  goniometer  was  placed  in  a 
water  bath,  and  a  focussed  transducer  was  used  as 
a  mobile  receiver.  From  the  radius  of  the  curva¬ 
ture  of  the  "trailer  hitch"  and  the  transducer 
focal  length,  the  appropriate  distance  between  the 
sample  and  transducer  could  be  calculated  such 
that  the  refracting  ultrasonic  rays  became 
parallel  In  the  sample.  The  use  of  this  scheme 
eliminated  lateral  forces  applied  during  the 
rotation  of  the  mobile  receiver  transducer  and 
still  allowed  good  signals  to  be  obtained  without 
bending  or  distorting  the  goniometer. 


Figure  9  Is  a  schematic  view  of  the  double 
defect  void,  nicknamed  Pinnochlo.  Also  shown  Is  a 
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mlcrophetograph  of  the  defect  before  diffusion 
bonding. 
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Fig.  10  Sample  73:  Pinnochlo  void.  "Waterfall" 
plot  of  waveforms  obtained  by  scanning 
transducer  from  0  to  360°  In  Incre.itents 
of  10°.  Note  lack  of  symnetry  suggesting 
a  problem  In  sample  preparation. 


Fig.  9  Sample  73:  Plnnochlo  void.  The  top  view 
Is  a  schematic  presentation  of  the  complex 
void,  while  lower  figure  gives  microphoto 
of  one  of  the  defect  halves  just  before 
diffusion  bonding. 

Considerable  difficulty  was  encountered  In 
carrying  out  measurements  as  a  function  of 
angle.  In  order  to  demonstrate  this  problem,  the 
defect  was  scanned  In  pulse  echo  at  a  45°  polar 
angle  at  Increments  of  every  10°  In  azimuth  from  0 
to  350°.  The  results  of  this  experiment  are  shown 
In  the  "waterfall"  plot  of  Fig.  10.  The  plot 
shows  a  succession  of  time  domain  waveforms 
slightly  displaced  from  one  another.  If  the 
sample  had  been  constructed  correctly,  the  wave¬ 
forms  for  azimuthal  angles  0°  to  180°  would  have 
been  similar  to  the  waveforms  from  360°  to  180°. 
However,  In  this  case  there  are  gross  dissimilar¬ 
ities  In  amplitude,  suggesting  that  the  sample  was 
not  properly  manufactured.  Full  evaluation  of 
this  sample  presents  yet  another  challenge  to  NOE 
research. 

Because  of  these  difficulties,  It  was  decided 
to  carry  out  our  studies  In  the  frequency 
domain.  Figure  11  shows,  at  the  top,  a  waveform 
obtained,  when  the  defect  was  Interrogated  In 
pulse-echo  from  the  side,  I.e.,  as  a  profile  of 
the  head  and  nose.  The  graph  below  shows  the 
corresponding  deconvolved  Fourier  spectrum 
compared  with  two  theories:  Domany's  Distorted 
Wave  Born  Approximation  (DWBA)1  and  Vlssher's 
matrix  theory.2'3  The  agreement  Is  reasonably 
good,  especially  In  the  frequency  range  from  1  MHz 
to  6  MHz.  Above  6  MHz  as  might  be  expected,  DWBA 
theory  becomes  less  accurate,  since  ka  exceeds  the 
range  of  applicability  of  the  Born  approximation 
approach.  Agreement  between  matrix  theory  and 
experiment  Is  reasonable  to  as  high  as  12  MHz. 
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Fig.  11  Comparison  between  theory  and  experiment 
for  pulse-echo  Interogatlon  of  side  of 
"Plnnochio"  defect. 

D.  Sample  No,  95,  Double  Void 

This  defect  consists  of  two  800  pm  diameter 
spherical  voids  separated  center- to-center  by 
1200  um.  Figure  12  shows  the  defect  schematically 
and  in  the  form  of  a  microphoto  just  before  diffu¬ 
sion  bonding.  The  defect  was  studied  In  pulse- 
echo  In  a  plane  containing  the  axis  through  the 
centers  of  the  two  defects  and  the  line  normal  to 
the  two  centers.  Figure  13a  shows  the  time-domain 
waveform  for  the  transducer  at  70°  from  the  axis 
through  the  void  centers.  This  signal  shows  two 
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Fig.  12  Sample  95:  Double  void.  Two  800  pm 
diameter  spheres  separated  center-to- 
center  by  1200  um.  The  top  shows 
schematic  of  the  lower  half  of  the 
trailer  hitch,  while  lower  figure  shows 
mlcrophoto  just  before  diffusion  bonding. 


Fig.  13  Sample  95:  Double  void  defect,  (a)  Pulse 
echo  waveform  for  70°  from  axis  through 
centers  of  both  voids,  (b)  Deconvolved 
frequency  spectrum  of  waveform  in  (a). 

(c)  Fourier  transform  of  spectrum  In  Sb) 
to  obtain  Impulse  response  function  In 
time-domain.  Note  that  In  (a)  the  two 
waveforms  do  not  show  phase  reversal  as 
did,  for  example,  the  double  waveforms 
from  the  crack,. 


well-resolved  echoes  which  when  Fourier  analysed 
and  de-convolved  gave  well-deflneo  Interference 
minima,  as  shown  In  Fig.  13b.  Figure  13c  Is  the 
Inverse  Fourier  transform  or  the  time  Impulse 
response  function,  that  Is  to  say,  the  time-domain 
waveform  of  Fig.  13a  without  the  transducer  trans¬ 
fer  function. 

In  order  to  determine  the  exact  phase  rela¬ 
tionship  between  these  two  signals,  each  signal 
was  windowed,  matched  according  to  the  waveform 
centroid  and  phase  compared.  Figure  14a  Is  the 
spectrum  of  the  magnitude  ratio  and  Figure  14b  Is 
that  of  the  phase  difference.  It  Is  Interesting 
to  note  that  the  phase  difference  In  approximately 
zero  plus  or  minus  4  degrees  over  most  of  the 
useful  frequency  range  of  the  transducer.  This 
result  Is  expected  because  the  signals  are  reflec¬ 
tions  from  Identical  sources. 
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Fig.  14  Amplitude  and  phase  comparisons  for  the 
two  echoes  making  up  the  waveform  In 
Fig.  13a. 


Finally,  a  quantitative  comparison  was  made 
between  the  experiment  and  calculations  by  Varadan 
and  Varadan. *•  This  comparison  Is  shown  In 
Figure  15  which  plots  the  data  of  Fig.  13b  in 
terms  of  the  scattering  cross  section  versus  ka. 
where  a  Is  the  radius  of  the  sphere.  Nearly 
quantitative  agreement  was  reallzeo  over  most  of 
the  useful  range  of  the  transducer. 


E.  Sample  No.  71,  "Saturn  Ring" 


An  extension  of  the  crack  problem  to  Important 
applications  Is  the  detection  and  characterization 
of  cracks  emanating  from  voids.  This  Is  a  fre¬ 
quently  encountered  problem  In  weldments.  To 
simulate  this  situation  a  “trailer  hitch"  sample 
was  fabricated3  consisting  of  a  spherical  void 
800  pm  In  diameter  with  a  yttrla  powder  ring 
around  It  having  a  diameter  of  1.51-1.70  mm. 

Figure  16  shows  the  bottom  half  of  the  trail er- 
bltch  sample  with  a  schematic  drawing  In  the  top 
part  of  the  figure  and  a  photo  of  the  actual 
defect  on  the  bottom.  The  mlcrophoto  shows  one- 
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Fig.  15  Comparison  between  theory  and  experiment 
for  double-void.  The  experimental  fre¬ 
quency  spectrum  Is  fitted  to  the  theory 
of  Varadan  at  one  point. 
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Fig.  16  Simulated  crack  from  weldment  void, 

trailer  hitch  sample  71:  "Saturn  Ring." 
The  defect  is  shown  schematically  In  top 
part  of  figure  and  In  a  microphoto  at  the 
bottom  just  before  diffusion  bonding. 


half  of  a  sphere  and  a  layer  of  yttrla  powder 
encircling  It. 

This  defect  was  Interrogated  with  longitudinal 
waves  In  pulse-echo  and  pitch-catch  and  Figs.  17 
and  18  are  examples  of  the  pulse  echo  data.  A  key 
feature  of  the  data  Is  the  appearance  of  a  double 
echo  as  shown  In  Fig.  17a  when  the  transducer  Is 
placed  at  45°  to  the  crack  plane.  As  expected, 
the  double  echo  manifests  Itself  In  an  Interfer¬ 
ence  pattern  In  the  deconvolved  frequency  spec¬ 
trum,  Fig.  17b  and  as  two  Impulses  In  the  Impulse 
response  function.  Fig.  17c.  This  results  is  a 
clear-cut  Indication  of  the  presence  of  an  addi¬ 
tional  feature  besides  the  spherical  void.  The 
two  echoes  are  about  0.40  ps  apart  corresponding 
to  a  distance  of  d  =  1.7  pm.  This  value  compares 
favorably  with  the  outer  diameter  of  the  yttrla 
ring.  Another  key  feature  Is  Illustrated  In 
Fig.  18  which  presents  a  pulse-echo  signal  normal 
to  the  crack  plane  In  Fig.  18a  and  In  the  crack 
plane  In  Fig.  18b.  The  main  difference  between 
the  two  signals  Is  the  dramatic  change  In  ampli¬ 
tude,  a  factor  of  20.  Since  a  spherical  void 
would  give  a  completely  Isotropic  response,  this 
result  shows  how  much  the  presence  of  the  crack 
Influences  the  data. 
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Fig.  17  Saturn  Ring  defect  Interrogated  In  pulse- 
echo  at  45°  to  plane  of  crack,  (a)  Time- 
domain  waveform,  (b)  deconvolved  fre¬ 
quency  spectrum,  (c)  Impulse  response 
function.  Note  the  presence  of  two  main 
echoes  rather  than  just  one  as  would  be 
observed  for  simple  spherical  void. 


The  data  of  Fig.  17a  were  examined  more 
critically  to  achieve  a  quantitative  comparison 
with  theory.  Figure  19  shows  at  the  top  the 
received  wave  form  again  and  at  the  bottom  the 
deconvolved  frequency  spectrum.  Also  shown  are 
points  calculated  by  J.  Opsal  using  Vlssher's 
matrix  theory.3  The  theoretical  points  are  fitted 
to  the  experimental  data  at  one  point.  The  com¬ 
parison  Is  In  reasonable  agreement,  especially  for 
the  positions  of  the  nulls  and  peaks  in  the  spec¬ 
trum.  Notice,  that  the  deep  null  between  6  MHz 
and  7  MHz  makes  this  spectrum  dramatically  dif¬ 
ferent  from  that  of  a  simple  spherical  void. 
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Fig.  18  Saturn  Ring  defect  interrogated  in  pulse- 
echo  at  (a)  normal  to  crack  plane  (b)  in 
crack  plane. 
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Fig.  19  Frequency  spectrum  for  Saturn  Ring 

Interrogated  In  pulse-echo  at  45°  to  the 
plane  of  the  crack  compared  with 
theoretical  calculations. 
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SUMMARY  DISCUSSION 


Bruce  Thompson,  Chairman  (Rockwell  Science  Center  [now  Ames  Laboratory]):  I  think  we  have  time  to 
entertain  one  or  two  questions. 

Anmol  Singh  (Southwest  Research  Institute):  How  did  you  find  the  response  function? 

Bernle  Tittmann  (Science  Center):  We  found  the  response  function  In  two  ways.  We  cut  the  trailer  hitch 
in  half  so  we  have  the  flat  face  at  the  diffusion  bonding  plane  and  then  we  set  the  transducer 
on  the  top  and  let  It  radiate  against  Its  metal  interface.  The  other  one  that  we  use  Is  a 
spherical  void  for  which  we  have  the  exact  calculations,  and  we  can  predict  what  the  radiation 
pattern  should  look  like  and  then  divide  out  to  get  the  transducer  response. 

Bruce  Thompson, Chairman:  Thank  you,  Bernle.  I  think  the  remainder  of  the  questions  should  be  answered 
at  the  coffee  break.  Dr.  Tittmann  Is  chairing  the  next  session. 
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ABSTRACT 

It  has  been  reported  before  that  frequency  and  angular  Information  from  ultrasonic  scattering  can  be 
used  to  characterize  smooth  artificial  defects  In  metals.  In  this  study  ultrasonic  measurements  from 
fractured  and  smooth  penny-shaped  cracks  of  the  same  size  were  carried  out.  Experimental  procedures 
Included  the  use  of  broad  band  and  narrow  band  ultrasonic  signals.  From  angular  and  frequency  dependence 
of  ultrasonic  scattering  measurements  the  size,  shape,  orientation  and  rms  roughness  of  the  fractured 
surface  have  been  estimated.  Ultrasonic  measurements  of  these  parameters  have  been  compared  to  the  actual 
parameters  of  the  defect. 


INTRODUCTION 

It  has  been  generally  accepted  that  scattering 
of  ultrasonic  waves  from  defects  In  solids  provides 
a  method  of  quantitative  nondestructive  evaluation 
of  structural  materials.  For  failure  prediction 
modeling  of  a  structural  component,  fracture  mechani¬ 
cal  calculations  require  such  characteristics  of  an 
unknown  flaw  as  size,  shape,  orientation,  surface 
conditions,  etc.  Recent  developments  in  theoretical 
and  experimental  work  on  ultrasonic  scattering  from 
flaws  made  It  possible  to  calculate  and  measure  the 
ultrasonic  field  scattered  from  cavities  when  their 
characteristics  were  known.  The  understanding  of 
this  so-called  direct  scattering  problem  Is  a 
necessary  preliminary  to  the  Inversion  problem  which 
Is  to  characterize  an  unknown  flaw  from  angular  and 
frequency  dependence  of  the  scattered  field's  ampli¬ 
tude  and  phase.  Scattering  of  ultrasonic  waves  from 
crack-like  defects  with  smooth  surfaces  of  circular 
and  elliptical  shapes  was  studied  by  Adler  and 
Lewis  [1]  using  ultrasonic  spectroscopy  systems  in 
their  experiment  and  analyzing  their  results  using 
various  modifications  [2]  of  Keller's  [3]  geometri¬ 
cal  theory  of  diffraction.  Achenbach  and  Gautesen 

[4]  extended  geometrical  theory  of  diffraction  to 
three-dimensional  diffraction  by  cracks  In  solids. 
Subsequently,  Achenbach,  Adler,  Lewis,  and  McMaken 

[5]  showed  that  che  measured  scattering  field  from 
circular  defects  can  be  predicted  theoretically 
and  suggested  an  inversion  procedure  to  obtain  the 
size  and  orientation  of  circular  cracks  from 
features  of  the  amplitude  spectra  of  the  scattered 
ultrasonic  wave.  The  problem  was  generalized  for 
elliptical  cracks  by  Adler  and  Achenbach  [6],  In 
the  above-mentioned  works  the  artificial  cracks  had 
smooth  polished  surfaces  which  Is  not  the  case  for 
naturally  occurring  flaws.  Now  we  are  addressing 
the  problem  of  ultrasonic  scattering  from  cracks 
with  random  rough  surfaces  such  as  the  surface  of  a 
fractured  fatigue  sample.  For  these  types  of 
cracks— In  addition  to  geometrical  characteristics 


such  as  size,  shape,  orientations— the  evaluation 
of  the  surface  characteristics,  cf.  rms  roughness, 
correlation  length,  distribution  of  roughness, 
etc..  Is  essential.  Methods  to  study  randomly 
rough  large  surfaces  using  ultrasonic  scattering 
have  beendeveloped  by  de  Billy,  Cohen-Tenoudjl, 
Jungman,  and  Quentin  [7]  and  will  be  used  here. 

THEORY 

Geometrical  Diffraction  Theory.  Diffraction  of 
electromagnetic  waves  using  the  geometrical  theory  of 
optics  was  Introduced  by  Keller  [3]  who  used  the 
concepts  of  diffracted  rays  produced  at  diffracting 
edges.  These  diffracted  rays  are  proportional  to 
the  incident  ray  with  a  proportionality  constant 
called  diffraction  coefficients,  which  are  calcu¬ 
lated  by  Keller  [3]  using  a  canonical  solution 
which  are  asymptotic  results  for  diffraction  of  a 
plane  wave  by  an  edge  of  a  semi-infinite  plane  for 
the  region  ka  >  1  where  k  »  2w/x,  x  Is  the  wave¬ 
length,  and  a  Ts  a  dimension  of  the  crack.  The  basic 
concept  of  elastodynamlc  ray  theory  was  presented 
by  Karal  and  Keller  [8]  by  Introducing  longitudinal 
and  transverse  rays.  Adler  et  al  used  Maue's  [9] 
solution  as  the  canonical  problem  for  the  elastic 
wave  diffraction  from  a  semi-infinite  crack  to 
obtain  expressions  forthe  diffracted  field  from  a 
penny-shaped  crack.  The  three-dimensional  ray 
theory  for  diffraction  by  cracks  has  been  discussed 
in  detail  by  Achenbach  et  al.  [5].  They  obtain  an 
expression  for  a  normally  Incident  longitudinal  wave 
diffracted  from  a  penny-shaped  crack  In  solid  as 

UL  -  exp(1wS/CL)(uS/CL)‘1/2(l  +  S/C)'1/2  D2(e)  1L  U0 

(1) 

where  S  Is  the  distance  along  the  diffracted  ray 
from  the  diffracting  edge  to  the  point  of  observa¬ 
tion.  Is  the  longitudinal  velocity;  6  Is  the 
angle  of  diffraction;  U0  Is  the  amplitude  of  the 
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Incident  wave  and  C  Is  the  distance  to  the  caustic, 

C  =  -  a/cos  e  (2) 

where  a  Is  the  radius  of  the  penny-shaped  crack; 

1i  defines  the  direction  of  displacement;  D-  Is  the 
diffraction  coefficient  given  In  terms  of  longitu¬ 
dinal  transverse  and  Rayleigh  velocities  and  the 
diffraction  angle  (exact  expression  Is  given  In 
Ref.  5). 

It  has  been  pointed  out  by  Adler  and  Whaley 
[10]  that  the  first  arriving  signal  once  gated  out 
produces  a  frequency  spectrum  which  Is  the  result 
of  the  Interference  of  the  two  diffracted  rays  from 
the  two  crack  tips.  Using  this  concept  Achenbach 
et  al  [5]  derive  an  expression  by  adding  the  two 
primary  diffracted  longitudinal  fields  from  points 
O2  and  0]  of  the  crack  edges  (Fig.  1) 

UL  =  F(e,e0)  exp[lo)(S/CL  +  5/CF)  +  1tt/4]  U0  1f  (3} 
where 

F(0 ,6Q)  =  H-|  exp[-1(&ja/CL)(cos  0  -  sin  0Q ) ] 

+  H2  exp[1(wa/CL)(cos 0  -  sin  6fl)]  (4) 

and  Cp  is  the  sound  velocity  In  the  liquid,  where 
Hi  and  H?  are  calculated  In  terms  of  parameters  of 
the  liquid  and  solid  and  the  diffraction  coefficient 
(for  detail  see  Rnf.  5)  of  particular  Interest  Is 
the  absolute  magnitude  of  F 

I F |  =  {(H1 )2  +  ;H2)2  +  2(H1)(H2)  s1n[2(«a/CL) 

+  (cos  0  -  sin  0o)]>1/<2.  (5) 

This  result  Implies  that  the  amplitude  of  the 
primary  diffracted  field  Is  modulated  with  respect 
to  o)/CL  with  period 

P  *  n/a|cos  9  -  sin  eQ| .  (6) 

Equation  (6)  Is  then  used  to  determine  the  size  and 
orientation  of  the  crack.  At  two  different  values 
of  e,  l.e.,  at  two  observation  points,  8g  and  a  may 
be  evaluated  from  the  modulation  In  the  frequency 
domain. 


Crack 


Fig.  1  Diffracted  rays  from  a  crack  In  solid. 

Ultrasonic  Wave  Scattering  from  Large  Randomly 
Rough  Surfaces.  The  problem  of  ultrasonic  wave 


scattering  from  cracks  with  rough  surface  has  no 
solution  at  the  present  time.  The  scattering  of 
EM  waves  from  Infinitely  large  random  rough  sur¬ 
faces  has  been  treated  in  detail  however  by 
Beckmann  and  Spizzlchlno  [11],  for  example.  The 
acoustic  wave  scattering  from  large  random  rough 
surfaces  has  also  been  studied  extensively,  for 
example  [12].  Consider  an  Incident  ultrasonic  wave 


TrapimiHtr 

Fig.  2  Geometry  of  scattering  from  random  rough 
surfaces. 


It  Is  customary  to  write  the  total  scattered 
intensity  average  In  two  terms:  the  coherent  and 
the  incoherent  terms: 

<?)  =  0)Coh  +<CI/>incoh  (7) 

<0coh  =  e'9  J0  <8> 

2  2  2 

g  =  k  h  (cos  +  cos  er)  Is  the  so-called  Rayleigh 
parameter  and  I0  Is  the  Intensity  scattered  by  a 
perfectly  plane  surface. 

The  Incoherent  part  of  the  scattered  Intensity 
is  given  as 

<$incoh  =  *AMy2  |R(VVF(V9r)|2  e~9 

t’  o  9  o 

x  I  exp[-kW/4m]  (9) 

m=l 

where 

A  -  r~3nogi~0l)  the  1nsonif1ed  area 

rm  is  the  distance  between  the  source  and  the 
origin  of  the  coordinate  system,  r10  Is  the  distance 
between  the  receiver  and  the  origin  of  the  coordi¬ 
nate  system,  R(01,8(,)  Is  the  reflection  coefficient. 

1  +  cosfo,  +  0  ) 

F( W  ■  coi  0 ^  +  cos  er 

L  Is  the  correlation  length 
b  *=  sin  0,|  -  sin  @r 
a  =  rQ0  tan(|)/cos  0^ 

B  =  rQ0  tan($/2) 

4>  is  the  angle  of  beam  spread  at  3  dB.  Equations  (8) 
and  (9)  are  valid  under  the  follow<ng  approximations: 

1.  Only  single  scattering  Is  considered. 

2.  Fraunhofer  approximation  Is  used.  The  expression 
Is  valid  In  the  far  field  only. 

3.  Probability  distribution  function  describing 
surface  roughness  is  Gaussian  In  the  form: 
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W(c) 


(2irh2) 


-4 

1 _ „  21T 

T7? 


The  Important  parameters  describing  surface 
roughness  are:  the  rms  roughness  h,  the  correla¬ 
tion  length  L,  and  the  distribution  function  W. 

If  the  distribution  function  Is  a  Gaussian,  the  low 
frequency  approximation  of  the  scattered  field  will 
give  h  while  the  high  frequency  approximation  can 
be  used  to  evaluate  L. 


Ultrasonic  Scattering  from  a  Crack  with  Rough 
Surfaced  For  a  finite  rough  surface  such  as  a 
penny-shaped  crack  In  titanium  there  Is  no  theory 
available  at  present  and  we  have  used  the  following 
approach  to  evaluate  the  parameters  describing 
surface  conditions. 

Calculation  of  the  rms  roughness  h.  By  using 
low  frequency  approximation  at  backscatterlng  It 
can  be  shown  that  the  dominating  term  In  Eq.  (9)  Is 
the  first  term,  l.e.,  all  scattering  In  this  case 
from  the  surface  Is  coherent  [11],  In  this  case: 


/,\  _  -4k  h  T 

V /total  ~  e  '  !o  (10) 

o 

since  (cos  8^  +  cos  er)  =  4  for  backscatterlng,  at 
normal  Incidence  where  I0  is  the  Intensity 
scattered  from  a  smooth  surfaced  crack  of  the  same 
size  as  the  surface  with  rms  roughness  h.  If  h  Is 
much  smaller  than  the  radius  of  the  crack.  It  may 
be  assumed  that  the  diffraction  effect  from  the 
crack  edge  for  both  rough  and  smooth  surfaced  crack 
of  the  same  size  Is  the  same.  The  low  frequency 
approximation  Is  valid  for 

4  k2h2  <  1  .  (11) 


Determination  of  the  probability  density 
function  W.  The  average  ultrasonic  amplitude 
scattered  from  a  rough  surface  Is  given  as 


<PS>  =  P0<e~21la> 


06) 


(see  Ref.  11)  where  P0  Is  the  scattered  amplitude 
from  an  equivalent  smooth  surface.  <e"z<kty  is  the 
mean  of  the  function  e"‘1k;  over  the  rough  surface. 
Let  W(t)  be  the  probability  density  function  of  the 
heights  then 


<e-21k9  WU)e'2^  dt 


(17) 


It  appears  that^e'2  Is  the  Fourier  transform 
of  the  probability  density  function  W(t)  at  fre¬ 
quency  2k.  The  function  <e-21kt^  is  called  the 
characteristic  function  of  the  height;  when  W(t)  Is 
Gaussian  In  the  form  of 

--4 

- e  from  (12)  we  obtain: 

(2’rh2) '/Z 


^e*21k4>  _  fi-2k2h2. 


08) 


For  any  arbitrary  probability  distribution  the 
characteristic  function  may  be  expanded  assuming 
low  frequencies  to  give: 


</e-21kt>,  •,  =  2kV  +  j  ik3m3  +  |  k4m4  +  ...  (19) 
where 


W(;)dt 


(20) 


Is  the  3rd  moment  and 


If  h  -  IOOij,  this  condition  Implies  frequencies 
below  5  MHz. 


Calculation  of  the  correlation  length  l.  The 
correlation  length  L  can  be  obtained  from  the  total 
ultrasonic  scattered  field  in  the  high  frequency 
regime. 


The  first  term  In  Eq.  (7)  goes  to  zero  and  the 
total  scattered  field  is  due  to  Incoherent  scatter¬ 
ing  only.  For  normal  Incidence  we  obtain: 


A  L2 

- 5 - ?  ’  T 

1 6nr00  r10  h 


(12) 


(for  backscatterlng  pulse-echo  r00  *=  r^g)  using: 


A2k2 
*  r00 


we  obtain: 


Io  = 


16!iVa 


(13) 


(14) 


and  since  the  Insonlfled  area  Is  the  surface  of  the 
crack  iraz,  we  obtain  for  the  correlation  length: 


L  = 


(15) 


%  =f  t4  W(;)d; 

J  -oo 

is  the  4th  moment.  For  a  Gaussian  distribution 
m  =  0  and  m4  =  31r. 

Or 

Now  let  us  put  t  -f-  fcr  backscatterlng,  then 
from  Eq.  (16) 

!i=<e-2iki->  =  <e-1kt>'<e-iut>  (22) 


W(^)e‘1wt  dt  =  F(«)  (23) 

and  the  probability  density  function  may  be  given  as 
W(^r)  =  f(t)  =  ^  [  P(u)  dui  (24) 

/  —CO 

where  f(t)  Is  the  Inverse  Fourier  transform  of  F(o>), 
l.e.,  the  probability  density  function  of  the  sur¬ 
face  roughness  Is  proportional  to  the  Inverse 
Fourier  transform  of  the  deconvolved  (by  the  equiva¬ 
lent  smooth  surface)  spectrum.  In  addition  to  W(t) 
the  following  parameters  can  be  calculated  also  from 
the  time  domain  deconvolution 
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/"K° 

<V>  *  ]  ;w(c)dc  : 

<(•.- *  )2>-r 

J  -00 

?3>=!3 

h3  i? 

<it  -  1  )4>-  m4 

h4  h4 

higher  order  moments 
same  fashion. 


mean 

(t  -  l)1  W(;)dt  =  h' 
Is  the  skewness 


(25) 

SAMPLE  I98A 

(26) 

(27) 

(20) 


Is  the  kurtosls 

may  also  be  calculated  In  the 


EXPERIMENT 

Sample.  Penny-shaped  crack  with  smooth  surface  and 
radius  1.5  mm  has  been  machined  Into  a  T1-6A1-4V 
disk  of  1.25  cm  height  and  10.2  cm  diameter.  The 
penny-shaped  crack  with  a  random  rough  surface  of 
radius  1.5  mm  was  formed  from  a  fracture  specimen. 
The  specimen  has  been  fatigue  tested  In  room 
temperature  dry  air  at  20  Hz  with  a  load  ratio  R  of 
.5.  The  other  half  of  the  fracture  specimen  Is 
shown  on  Fig.  3.  From  the  fracture  specimen  a 


Fig.  4  Schematics  of  the  titanium  samples  with 

smooth  and  rough  "cracks"  before  diffusion 
bonding. 


Fig.  5  Photograph  of  the  other  half  of  the 

fractured  specimen  which  was  used  for  the 
rough  crack. 


Fig.  3  Photograph  of  the  penny-shaped  crack  with 
random  rough  surface. 

cylindrical  plug  was  machined.  The  end  of  the  plug 
forms  the  penny-shape  crack  with  the  rough  surface. 
The  plug  was  then  driven  through  the  center  of 
1.25  cm  thick  and  10.2  cm  diameter  T1-6A1-4V  disk. 
The  two  disks  were  then  diffusion  bonded  together. 

On  Fig.  4  the  two  disks  are  shown  before  the 
diffusion  process  and  Fig.  5  shows  a  photograph  of 
the  fracture  surface  used  and  Fig.  6  the  diffusion 
bonded  sample.  A  schematic  of  the  defect  (one  side 
Is  smooth  and  the  other  side  Is  rough)  Is  shown  on 
Fig.  7. 


Fig.  6  Diffusion  bonded  titanium  disk. 


Experimental  Systems  for  Ultrasonic  Scattering.  Two 
basic  techniques  were  used  to  Investigate  exper 1 - 
mentally  the  scattering  from  rough  cracks.  In  both 
cases  the  sample  Is  Immersed  In  water  and  there  Is  a 
15  cm  water  column  between  the  transducers  and  sample. 
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Fig.  7  Schematic  of  the  defect  Inside  the  titanium 
disk. 

Ultrasonic  spectroscopy.  The  first  expert - 
mental  setup  Is  a  digitized  spectrum  analysis 
system  described  In  detail  In  Ref.  5.  It  uses  a 
broad  band  transducer  as  a  source  and  sites  the 
same  or  a  second  Identical  transducer  as  a 
receiver.  From  the  received  signal  the  digitized 
amplitude  and  phase  spectrum  may  be  obtained.  The 
frequency  range  of  the  Input  signal  Is  from  1  to  16 
MHz.  This  spectrum  analysis  system  Is  used  to 
determine  both  geometrical  and  surface  charac¬ 
teristics  of  the  crack. 

Narrow  band  system.  The  second  experimental 
setup  uses  a  conventional  single  frequency  pulse 
;  .hi:  system.  The  ultrasonic  pulse  Is  generated  by 
an  Arenberg  pulser.  The  pulses  of  ultrasound  have 
1.5  usee  duration  with  center  frequency  ranging 
,  :fi-'  3  to  MHz.  The  transducers  used  were  com- 
morclal  i, a  ,ow  band  ceramic  transducers.  The 
system  can  be  used  fully  automated  (see  Ref.  7) 
with  a  programmable  attenuator  and  for  variable 
backscattered  angles.  In  this  experiment  only  the 
normal  Incidence  pulse  echo  mode  was  used.  From 
this  experiment  characteristics  of  the  surface  of 
the  crack  are  obtained. 

Direct  Measurements  of  Surface  Properties.  The 
parameters  describing  the  surface  roughness  of  the 
fractured  surface  (see  Fig.  5)  were  evaluated  from 
the  direct  measurement  of  the  complementary  surface 
b.y  the  use  of  a  conventional  profllometer. 

ProciV'  "j  Jeter- •.  ze.  Shape,  and  Orientation 
oT~ STnuy, ''an3~  Rot./'  Cracks .  The  transmitter 
launches  a  longitudinal  wave  In  water  for  non¬ 
normal  Incidence  to  the  liquid  solid  surface.  Both 
L  and  T  (longitudinal  transverse)  waves  are  pro¬ 
duced  but  only  the  L  wave  Is  used  to  Insonlfy  the 
crack.  At  the  crack  tt~  l.  wave  again  produces  both 
L  and  T  waves  but  thes  .*s  are  separated  due  to 
their  separation  In  t*  The  receiver  is  placed  In 
positions  to  obtain  scattered  waves  at  various 
polar  and  azimuthal  angles.  A  specially  designed 
goniometer  Is  used  to  mount  the  transmitter  and 
receiver  (Fig.  8).  The  special  feature  of  the 
goniometer  Is  Its  flexibility  of  keeping  the  polar 
angle  fixed  and  varying  the  azimuthal  angle.  The 
procedure  to  obtain  amplitude  spectra  from  both 
smooth  and  rough  cracks  were  the  same.  For  normal 
and  various  angles  of  Incidence  both  pulse-echo  and 
pitch-catch  methods  were  applied, 

RESULTS 

Geometrical  Parameters.  A  45°  pulse-echo  spectrum 
of  scattered  L  wave  from  the  smooth  crack  is  shown 
on  Fig.  9  Indicating  the  amplitude  modulation  pre¬ 
dicted  by  Eq.  (6).  The  modulation  frequency  remains 


constant  by  varying  the  azimuthal  angle  for  a 
constant  polar  angle.  This  observation  Indicates 
the  circular  symmetry  of  the  crack.  Equation  (6) 
Is  used  to  obtain  for  the  radius  1.55  mm.  The 
actual  radius  of  the  crack  Is  1.5  mm.  The 
orientation  of  the  crack  Is  also  obtained  to  be 
60  *  0,  l.e.,  the  surface  of  the  crack  Is  parallel 
with  the  surface  of  the  sample.  The  spectrum  from 
the  rough  crack  (the  crack  from  the  fracture  sur¬ 
face)  Is  shown  on  Fig.  10. 


Fig.  8  Goniometer  for  scattering  measurements. 


Fig.  9.  45°  Pulse-echo  spectrum  from  the  smooth 
crack. 


Fig.  10.  55°  Pulse-echo  spectrum  from  the  rough 
crack. 
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Here  the  55°  (pulse-echo)  scattered  L  wave 
spectra  Is  shown  (Fig.  10).  It  appears  that  at 
least  two  sets  of  oorlodiclty  of  modulation  can  be 
Identified.  From  Afi  the  radius  of  the  rough 
crack  calculated  Is  1  53  mm  using  Eq.  (6)  (actual 
value  Is  1.5  mm).  The  second  periodicity  Af2  may 
be  the  result  of  the  nonflat  surface. 

Identification  of  the  Rough  Surface.  As  was 
mentioned  before,  the  titanium  sample  (labelled  98) 
contains  essentially  two  defects  of  the  same  size, 
shape,  and  ori  mtatlon  but  different  surface  con¬ 
ditions,  one  having  a  mirror-like  smooth  surface 
the  other  one  a  random  rough  surface.  From  ultra¬ 
sonic  scattering  data  the  two  surfaces  were 
identified  by  two  Independent  means. 

1.  Backscattered  pulse-echo  spectra  are  shown  on 
Fig.  11  which  were  taken  at  normal  Incidence 
from  both  sides  of  the  defect.  As  expected, 
the  smooth  surface  defect  would  reflect  more 
energy  for  all  frequencies  than  the  rough  one. 
The  spectrum  with  the  solid  line  on  Fig.  10 
corresponds  to  the  reflected  signal  from  the 
smooth  surface  crack. 


Fig,  11.  Backscattered  normal  Incidence  spectrum 
from  the  smooth  and  rough  crack. 

2.  The  angular  dependence  of  the  scattered  energy 
from  rough  and  smooth  surface  cracks  should 
behave  differently.  On  Fig.  12  the  Integrated 
power  (for  all  frequencies)  scattered  from 
rough  and  smooth  surfaced  defects  Is  compared 
from  25°  to  60°.  The  variation  of  the 
scattered  power  with  angle  is  much  more  drastic 
for  the  smooth  surface  (^20  dB)  than  for  the 
rough  surface  ('\-10  dB). 

It  may  be  mentioned  that  the  sample  on  Fig.  6 
was  mislabeled.  The  side  of  rough  surface  defect 
was  marked  as  smooth.  The  ultrasonic  experiment 
results  such  as  Figs.  10  and  11  led  us  to  discover 
this  mistake.  Upon  re-examination  of  the  sample 
the  surfaces  were  etched  and  the  error  of  mislabel¬ 
ing  was  confirmed.  Hence  98A  Is  the  rough  surface 
crack  and  98B  Is  the  smooth  surface  crack. 


every  20  urn  In  two  perpendicular  directions 
starting  In  the  middle.  Result:  On  Fig.  13,  the 
histogram  of  the  surface  Is  plotted  from  -230  pm  to 
+230  pm  (taking  the  measurements  perpendicular  to 
the  surface).  N  corresponds  to  the  number  of 
points  corresponding  to  the  height  at  (x,y).  The 
solid  line  Is  a  Gaussian  distribution  having  the 
same  variance  as  the  histogram. 


Fig.  12  Angular  variation  of  the  Integrated  power 
scattered  from  smooth  and  rough  cracks. 


noMMinv  oawmrr  function 

Fig.  13  Histogram  of  the  rough  surface. 

The  nms  roughness  h  is  calculated  from 

(29) 

where  d  Is  the  height  at  point  x,y,  and  we  obtain 
from  Eq.  (29)  for  h  ■  101  pm.  The  spatial  auto¬ 
correlation  function  Is  plotted  on  Fig.  14.  The 
spatial  autocorrelation  function  for  N  measurement 
Is  given  as: 


Determination  of  Surface  Parameters:  rms,  Roughness, 
Correlation  length.  Distribution  Function. 

Direct  measurement.  A  conventional  manual 
profllometer  was  used  to  sample  the  fracture  surface 
of  the  fatigued  specimen  (Fig.  5).  In  the  region 
within  the  two  marked  lines  (corresponding  to  the 
defect's  surface)  312  data  points  were  taken  at 


,  N-n 

Cn  ‘  N^T  C1(X)  C1(X  +  mAX)  (3ii) 

fei 

where  n  *  0,  1  ...  m,  m  not  larger  than  ».  In  this 
measurement  n  =  312  and  m  =  40;  X  -  20  pm.  The  two 
sets  of  autocorrelation  functions  (represented  by 
the  open  circles  and  by  the  closed  circles)  are 


325 


results  of  roughness  measurements  In  two  perpen¬ 
dicular  directions  and  Indicate  anisotropy  In  the 
surface  roughness.  The  average  value  of  the 
spatial  correlation  function  Is  plotted  by  the 
solid  line.  The  autocorrelation  length  L  Is 
defined  as  the  distance  measured  at  the  point  where 
the  autocorrelation  function  Is  1/e,  the  value  at 
n  =  0  divided  by  e.  The  values  of  the  correlation 
lengths  are  450  and  750,  respectively,  giving  an 
average  of  600  m  for  the  autocorrelation  length. 
The  skewness  and  kurtosis  are  other  parameters 
which  characterize  the  shift  and  flatness  which 
distinguishes  the  distribution  from  a  normal 
Gaussian  distribution  calculated  to  give  values  of 
-.17  and  2.5,  respectively.  Recall  that  for  a 
Gaussian  distribution  function  these  values  should 
be  0  and  3,  respectively. 


AUTOCOMIIATION  FUNCTION 

Fig.  14  Spatial  autocorrelation  function. 

Ultrasonic  scattering  result.  The  rms  rough¬ 
ness  h  and  the  autocorrelation  length  L  are  calcu¬ 
lated  from  the  narrow  band  experimental  result. 

The  probability  density  function  w(t),  the  skewness 
and  kurtosis  are  obtained  from  spectroscopy 
measurements. 


(Eq.  10).  The  theoretical  curve  fits  very  well  up 
to  5  MHz  (corresponds  to  kh  =  .5).  The  values  for 
h  are  117  pm  and  121  ym  calculated  at  3,5  MHz  and 
5  MHz,  respectively.  The  autocorrelation  length  L 
is  calculated  from  the  curve  at  a  frequency  where 
the  curve  '’nvels  off  to  a  straight  line  using 
Eq.  15  at  .2  MHz  the  correlation  length  Is  650  pm 
which  agrees  very  well  with  the  value  calculated 
from  the  autocorrelation  function  from  Fig.  14. 

2.  Results  from  ultrasonic  spectroscopy. 

Using  a  broadband  backscattered  signal  at  normal 
Incidence,  the  RF  waveforms  and  their  correspondent 
spectra  are  shown  on  Fig.  16.  98B  designates  the 

defect  with  smooth  surface,  and  98A  designates  the 
defect  with  rough  surface,  both  time  and  frequency 
domain  signals  are  significantly  different  for  98A 
and  98B.  In  the  time  domain  the  signal  from  the 
rough  surface  has  much  lower  maximum  amplitude  than 
the  signal  from  the  smooth  surface.  In  addition 
there  are  some  details  In  the  front  and  trail  of 
the  signal  which  is  different  from  the  two  sur¬ 
faces.  The  frequency  domain  deconvolution  Is  shown 
in  Fig.  17.  The  normalized  Intensity  spectrum  and 
phase  spectrum  are  shown  which  were  obtained  by 
deconvolving  the  rough  surface  data  with  the  smooth 
surface  data.  After  transforming  Fig.  17  to  the 
time  domain,  the  probability  density  function  is 
obtained  versus  both  time  and  distance  on  Fig.  18. 
The  distribution  Is  not  quite  Gaussian.  The 
devotion  from  Gaussian  Is  expressed  In  terms  of 
the  higher  order  movements.  From  Fig.  18  the 
following  parameters  describing  the  rough  surface 
of  the  defect  98A  were  obtained: 

h  =  131  m 
skewness  =  -0.29 
kurtosis  =  2.67 
5th  moment  =  -1.08 
6th  moment  =  9.64 
7th  moment  =  -4.18 


1 .  Result  of  narrow  band  measurements.  At 
normal  Incidence  (to  the  defect  surface)  the  back- 
scattered  amplitude  differences  were  measured  in  dB 
with  a  calibrated  attenuator.  The  ratio  of  the 
backscattered  amplitudes  from  rough  to  smooth  sur¬ 
face  Is  designated  by  or>s  and  plotted  for  various 
frequencies  from  3.5  MHz’to  18  MHz  on  Fig.  15.  The 


Fig.  15  The  variation  of  the  backscattered  ultra¬ 
sonic  power  (In  dB  normalized  for  the 
equivalent  smooth  surface)  from  the  rough 
crack  as  a  function  of  frequency. 

experimental  points  are  connected  together  with  the 
dashed  line.  The  solid  line  Is  a  theoretical  curve 
calculated  using  low  frequency  approximation 


Fig.  16  RF  waveforms  and  their  frequency  spectra 
and  backscattered  waves  from  smooth  and 
rough  cracks. 


Using  the  values  of  the  moments  and  the  low  fre¬ 
quency  expansion  for  the  characteristic  function, 
the  complex  amplitude  spectrum  can  be  calculated. 
The  result  Is  shown  on  Fig.  19.  The  solid  line  is 
the  experimental  amplitude  spectrum  calculated 
using  moments  up  to  7th.  The  dashed  line  inulcates 
what  the  spectrum  should  be  If  the  probability 
density  function  of  the  defect  surfaces  were  a 
Gaussian.  The  phase  spectra  of  the  experimental 
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results  using  the  low  frequency  expansion  Is  given 
on  Fig.  20. 


Fig.  17  Frequency  domain  deconvolution. 


Fig.  18  Time  domain  deconvolution  which  gives  che 
probability  density  function  of  the  sur¬ 
face  roughness  for  the  crack. 


\ 

\ 


Fig.  19  Calculated  theoretical  amplitude  spectrum 
for  the  scattered  wave  from  the  rough 
crack. 


Fig.  20  Calculated  theoretical  phase  spectrum  for 
the  scattered  wave  from  the  rough  crack. 

SUMMARY 

The  problem  of  characterizing  naturally 
occurring  flaws  such  as  a  flaw  with  random  rough 
surface  has  been  considered.  The  flaw  Is  a  penny¬ 
shaped  crack  In  diffusion  bonded  titanium;  one 
side  of  the  crack  is  polished,  the  other  side  Is 
made  from  a  fractured  surface.  The  dimension  of 
the  crack  Is  larger  than  the  wave  length  of  the 
propagating  ultrasonic  waves,  l.e.,  the  region  of 
ka  >  1  is  considered.  The  rms  surface  roughness  h 
Is  smaller  than  a  but  k  may  be  smaller  or  larger 
than  h.  In  the  theoretical  analysis  an  elasto- 
dynamlc  diffraction  theory,  valid  only  for  smooth 
surfaces,  Is  presented  to  relate  the  angular  and 
frequency  dependence  of  the  scattered  amplitude  to 
the  size,  shape,  and  orientation  of  the  crack.  On 
the  other  hand,  the  rough  surface  problem  is 
analyzed  based  on  an  electromagnetic  scattering 
theory  which  Is  valid  for  scattering  from  large 
surfaces  only.  By  comparing  the  backscattered 
amplitude  from  a  rough  crack  to  the  backscattered 
amplitude  from  a  crack  with  the  same  area  but  with 
smooth  surface  It  is  assumed  that  the  diffraction 
effect  (from  the  edge  crack)  Is  separated  from  the 
surface  roughness  effect. 

Using  ultrasonic  scattering  measurements  based 
on  ultrasonic  spectroscopy  technique  and  narrow 
band  technique,  the  following  parameters  of  the 
rough  crack  were  determined:  size,  shape, 
orientation,  rms  roughness  of  the  surface,  auto¬ 
correlation  length  of  the  roughness,  and  the 
probability  density  function  of  the  surface  rough¬ 
ness.  There  Is  good  agreement  between  the 
experimentally  determined  parameters  of  the  crack 
and  their  actual  values.  It  Is  hoped  that 
theoretical  analysis  to  treat  scattering  from  rough 
surface  crack  using  elastodynamlcs  will  be 
developed  in  the  near  future  to  aid  real  flaw 
characterization  with  ultrasonic  scattering. 
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SUMMARY  DISCUSSION 


Bernie  Tlttmann, Chairman  (Science  Center):  I  think  we  have  time  for  one  question. 

Unidentified  Speaker:  Laszlo,  that  theoretical  formula  Is  for  a  single  scattering.  And  being  an 
acoustic  representation.  It  does  not  include  the  response  of  surface  waves? 

Laszlo  Adler  (Ohio  State  University):  That  Is  true. 

Unidentified  Speaker:  It  seems  to  me  good  agreement  that  neither  of  the  effects  are  very  significant. 
Laszlo  Adler:  I  think  It  Is  good  agreement  and  definitely  there  are  many  areas. 

Bernie  Tlttmann,  Chairman:  Thank  you  Laszlo.  Would  you  like  to  go  on  to  your  next  paper  now? 
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ABSTRACT 


This  is  a  study  of  elastic  waves  diffracted  by  corrugated  metallic  surfaces.  The  corrugations  consist 
of  triangular  grooves  with  variable  parameters.  The  results  of  the  narrow  hand  experiments  show  signifi¬ 
cant  diffraction  patterns  depending  on  angle  and  frequency.  In  addition,  a  continuous  schlieren  system  is 
used  to  visualize  the  diffracted  orders.  Measurements  were  also  carried  out  using  a  broadband  pulse  echo 
system.  The  behavior  of  the  received  spectra  is  characteristic  of  the  surface  profile.  Both  front  and 
back  surfaces  have  been  investigated. 


INTRODUCTION 

There  is  a  considerable  amount  of  Interest  in 
NDE  to  study  elastic  wave  interaction  with  material 
discontinuities.  There  are  numerous  theoretical 
[1,2,3]  and  experimental  works  concentrated  on  the 
scattering  of  elastic  waves  from  single  scatterers 
such  as  cavities,  cracks,  etc.,  in  the  bulk  [4,5]  or 
on  the  surface  [6,7]  of  materials.  The  study  of 
elastic  wave  scattering  from  multiple  structures  is 
not  so  extensive,  however.  The  scattering  of  waves 
from  multiple  structures,  whether  they  are  random 
or  periodic,  frequently  occurs  in  materials  as 
the  result  of  grain  structure,  lamination,  fiber 
reinforcing,  multiple  defects,  surface 
preparation,  etc.  The  elastic  wave  diffraction  from 
periodic  surfaces  has  been  treated  recently  by 
Fokkema  and  van  den  Berg  [8]  but  only  numerical 
results  are  available  and  only  for  a  few  special 
cases.  More  extensive  results  are  given  for  the 
scattering  of  electromagnetic  waves  from  periodic 
and  random  surfaces  by  Bechmann  and  Splzzichino  [9]. 

On  the  experimental  side,  ultrasonic  wave 
scattering  from  periodic  surfaces  in  water  has  been 
studied  by  Jungman  et  al  [10]  using  ultrasonic 
spectroscopy.  Using  an  optical  model  of  a  dif¬ 
fraction  grating,  the  angular  position  of  the 
various  diffraction  orders  are  related  to  the 
grating  constant  for  a  given  frequency. 

In  this  paper  we  are  addressing  the  problem  of 
elastic  wave  scattering  from  periodically  corrugated 
structures  from  interfaces  and  from  the  bulk  of  the 
solid.  The  following  periodic  interfaces  are  con¬ 
sidered:  (a)  solid-air;  (b)  solid-water;  (c)  water- 
solid;  and  (d)  solid-solid.  In  audition,  there  are 
two  corrugated  structures  considered  in  the  bulk  of 
the  material:  (a)  the  region  of  corrugation  is  much 
larger  than  the  size  of  the  beam;  (b)  the  region  of 
the  corrugation  is  smaller  than  the  beam  size,  e.g., 
a  defect  with  a  periodic  surface. 

DIFFRACTION  BY  PERIODIC  ROUGH  SURFACES 


Theoretical  Considerations.  Elastic  wave 
diffraction  by  a  periodic  rough  surface  has  been 


discussed  recently  by  Fokkema  and  P.  M.  van  den 
Btrg.  By  using  equations  of  elastodynamics  for 
linear  isotropic  solids  they  obtain  numerical 
solutions  for  the  representation  Integral  for  the 
case  of  sinusoidal  periodicity.  Incident  longitu¬ 
dinal  and  transverse  waves  are  considered.  For  a 
triangular  shaped  grating  surface  (which  is  used  in 
this  investigation)  the  same  result  is  nor  available 
although  the  numerical  analysis  may  be  carried  out 
in  the  same  manner.  Electromagnetic  wave  scattering 
from  a  triangular  shaped  grating  has  been  solved 
using  Kirchoff  approximations  [9],  The  intensity  of 
the  mth  diffracted  order  is  expressed  as: 


j(Dl >0^; 


S  sirU^r  +  5) 


(1) 


where 


1  +  cos(0.  +  0d) 

F2 (°1  ,sd)  sec  °1  cos'll  +  6d)  ~  J 
S  =  kh(cos  0,|  +  cos  0d)  ; 

0i  Is  the  angle  of  incidence  measured  from  normal 
0jj  is  the  angle  of  the  diffraction  of  the  mth  order; 
h  Is  the  depth  of  the  groove;  and  k  is  the  wave 
number.  The  position  of  the  different  orders  are 
obtained  by  the  so-called  grating  equation  derived 
by  using  phase-delay  for  the  incident  and  diffracted 
ray,  as 

(sin  6^  +  sin  ^  ^  (2) 

where  X  Is  the  wave  length  and  A  is  the  periodicity, 

m  =  0,  ±1,  +2  _  m  =  0  corresponds  to  specular 

reflection.  For  an  Incident  L  wave  there  may  be 
diffracted  L  waves,  diffracted  S  waves,  and 
diffracted  Rayleigh  waves.  This  mode  conversion  is 
not  treated  by  the  electromagnetic  analysis,  and  the 
experimental  results  (which  will  follow)  can  only  be 
qualitatively  analyzed. 
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Experimental  Methods.  In  the  study  of  elastic  wave 
scattering  from  corrugated  structures,  three 
experimental  arrangements  are  used:  (1)  optical 
schlieren  system  for  water-solid  Interfaces;  (2)  a 
narrowband  pulse-echo  and  pitch-catch  experiment 
for  water-solid  and  solid-water  interfaces;  and 
(3)  an  ultrasonic  spectroscopic  system  to  analyze 
scattering  from  all  the  interfaces.  This  latter 
technique  is  the  most  relevant  to  this  study. 

Optical  schlieren  system.  To  visualize  the 
beam  pattern  of  the  wave  scattered  from  the  corru¬ 
gated  surface  a  continuous  wave  schlieren  system 
has  been  used.  The  system  consists  of  a  light 
source  which  is  a  helium-neon  laser  and  a  lens 
system  with  two  large  (30  cm  diameter)  lenses  to 
obtain  a  large  region  to  visualize  the  propagation 
of  the  ultrasonic  beam.  The  direct  light  Is 
blocked  out  by  a  small  circular  dot.  For  the 
ultrasonic  so"'  e  a  high  power  CW  oscillator 
excites  a  quan.:  transducer  operated  at  resonant 
frequencies  of  2,  4,  6,  10,  and  12  MHz.  The 
sample  with  the  corrugated  surface  is  placed  in  a 
water  tank.  Both  incident  and  scattered  ultrasonic 
waves  are  visualized  simultaneously  by  the  visual 
image  which  is  displayed  on  a  TV  camera. 

Single  frequency  experimental  system.  The 
experiments  wvtnnarTdwband  pulses  were  carried  out 
using  a  standard  ultrasonic  pulse  arrangement.  A 
quartz  transducer  and  receiver  are  mounted  on  a 
goniometer  (schematic  diagram  is  shown  on  Fig.  1). 


Fig,  1  Schematic  of  the  goniometer  for  the 
scattering  experiments. 

The  system  is  designed  so  that  the  face  of  the 
sample  forms  a  vertical  plane  at  the  center  of  a 
circle  formed  by  rotation  of  the  two  arms  holding 
the  two  transducers.  A  Vernier  scale  on  each  arm 
permits  the  angular  position  of  each  arm  to  be  read 
to  two  minutes  of  arc.  Both  arms  have  transducer 
holder  stages  mounted  on  riders  that  allowed  the 
transducers  to  be  moved  up  to  50  cm  in  a  radial 
direction.  In  addition,  the  transducer  ori  the 
receiver  arm  can  be  moved  perpendicular  to  the  arm. 
This  way  accurate  positioning  of  the  center  of  the 
scattered  beam  can  be  accomplished.  The  receiver 
arm  can  be  rotated  through  almost  a  complete  circle 
which  allows  measurement  of  both  backward  and  for¬ 
ward  scattering.  The  received  signal  is  displayed 
on  an  oscilloscope  and  the  amplitude  of  the 
received  signal  is  measured  off  directly. 


Ultrasonic,  spectroscopy.  In  addition  to 
narrowband  experiments,  wideband  experiments  were 
carried  out  to  study  spectral  components  of  the 
scattered  field  from  corrugated  surfaces.  A  wide¬ 
band  ceramic  transducer  (bandwidths  up  to  14  MHz 
may  be  obtained)  emits  a  short  RF  pulse.  The 
scattered  signal  (from  the  surface)  is  received 
either  by  the  same  transducer  (pulse-echo)  or  by 
another  wideband  transducer  (pitch-catch).  The 
received  signal  is  amplified  and  gated  out  in  order 
to  select  the  portion  of  the  signal  to  be  pro¬ 
cessed.  The  time  domain  signal  can  then  be  fed 
either  to  a  conventional  spectrum  analyzer  to 
obtain  the  frequency  domain  information  (amplitude 
or  power  spectrum)  or  be  sampled  and  converted  to 
digital  information  and  processed  by  calculation  to 
obtain  the  spectrum  via  a  fast  Fourier  transform. 
Figure  2  shows  a  block  diagram  of  the  spectroscopy 
system  used. 


KKIMIEML 
CONTROL  LINU 


Fig.  2  Experimental  system  for  ultrasonic 
spectroscopy. 

A  typical  spectrum  of  a  normally  reflected 
signal  from  a  perfectly  smooth  surface  is  shown  on 
Fig.  3.  This  spectrum  is  used  as  a  reference  to 
that  of  the  scattered  spectrum  from  the  periodical¬ 
ly  rough  surface.  The  spectrum  of  the  scattered 
wave  Is  deconvolved  by  the  reference  spectrum.  The 
samples  are  placed  in  a  water  tank  and  a  goniometer 
system  is  used  to  orient  the  wideband  transducer  to 
the  required  position  to  control  the  direction  of 
the  incident  and  the  scattered  waves.  A  typical 
experimental  arrangement  Is  shown  on  Fig.  4.  The 
transmitter  Is  positioned  (with  an  angle  01  =  0) 
relative  to  the  corrugated  surface  which  scatters 
the  waves  (reflects,  diffracts,  etc.)  to  the 
receiving  transducer  positioned  at  angle  6^. 

SAMPLES 

Description  of  the  Corrugated  Surfaces.  There  are 
several  parameters  describing  a  periodic  surface 
such  as  materials  on  both  sides  of  the  Interface, 
boundary  conditions,  periodicity,  depth  and  shape 
of  the  grating,  the  area  of  the  grating  surface, 
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etc.  A  number  of  different  types  of  samples  have 
been  chosen  in  this  experiment  to  study  the  effects 
of  these  parameters  on  the  scattered  field.  For 
all  samples  a  triangular  shaped  grating  was  used. 
The  periodicity  of  the  grating  varied  from  100p  to 
1732y,  The  depth  of  grooves  varied  from  50y  to 
500y  (kept  constant  for  each  grating  surface).  The 
materials  used  were:  stainless  steel,  brass, 
duraluminum,  polystyrene.  Each  of  the  grated  sur¬ 
faces  are  used  under  different,  conditions: 

1.  The  corrugated  surface  faced  the  incident 
beam.  This  corresponds  to  water-solid  inter¬ 
face. 

2.  The  corrugated  surface  was  on  the  opposite 
side  as  the  incident  beam  which  propagated 
through  the  solid.  This  is  a  solid-water 
interface. 

3.  The  corrugated  surface  had  an  air  backing  and 
the  beam  travelled  through  the  solid.  This 
corresponds  to  sol  id-air  interface. 

4.  The  grated  surface  is  pressed  against  a  smooth 
surface  in  contact  with  the  same  solid 
material.  This  corresponds  to  the  case  of 
solid-solid  interface. 
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Fig.  3  Power  spectrum  of  the  transducer  output. 
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Fig.  4  Schematic  of  the  scattering  measurement 
from  a  water  (eau  in  French)-metal  corru¬ 
gated  interface. 


Diffusion  Bonded  Titanium  Samples.  In  addition 
there  are  two  special  types  of  corrugated  sur¬ 
faces  used.  These  surfaces  are  inside  the  bulk  of 
a  titanium  alloy.  By  a  diffusion  bonding  process 
a  corrugated  titanium  surface  is  bonded  together 


with  a  smooth  titanium  surface  After  the  bonding 
the  only  surface  is  the  corrugated  surface.  On 
Fig.  5  machined  grooves  [total  surface  2.126  in 
(5.4  cm)]  are  shown  on  the  polished  titanium  sur¬ 
face  of  10.2  cm  diameter,  before  the  bonding 
process.  The  periodicity  of  the  grating  is 
1,73  mm  and  the  depth  is  .5  urn.  A  titanium  disk 
of  the  same  size  with  a  polished  smooth  surface  is 
diffusion  bonded  to  produce  the  sample.  Another 
type  of  sample  is  prepared  the  same  way  but  the 
corrugated  surface  was  confined  in  a  penny-shaped 
region  of  5  ran,  prepared  on  the  end  of  a  titanium 
plug  and  driven  in  through  a  hole  to  the  large 
titanium  disk.  Figure  6  illustrates  the  surface 
side  view.  The  corrugation  has  a  periodicity  of 
300p.  To  the  corrugated  surface  which  is  shown 
on  Fig.  6  is  bonded  a  smooth  polished  surface 
titanium  disk.  In  the  bulk  of  the  titanium,  a  so- 
called  penny- shaped  crack  with  a  corrugated  sur¬ 
face  is  obtained. 

SAMhLt  NO  1M 
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Fig.  5  Corrugated  titanium  surface  before 
diffusion  bonding. 


ftAMPVf  NO.  m 


Fig.  6  Photograph  of  the  penny-shaped  crack  (with 
periodic  surface)  in  titanium  before 
diffusion  bonding. 


332 


RESULTS 


Schlieren  Visualization.  Using  single  frequency 
quartz  transducers  for  the  incident  wave,  both 
incident  and  diffracted  waves  from  the  grating  are 
visualized  by  the  schlieren  system.  On  Fig.  7  the 
transducer  and  a  normally  incident  12  MHz  wave  are 
shown  as  diffracted  from  a  water-brass  interface. 

On  the  surface  of  the  brass  is  a  periodic  grating 
with  periodicity  of  A  =  200p.  The  first  two 
diffraction  orders  are  shown  on  both  sides'  of  the 
incident  beam  (the  zeroth  order  coincides  with  the 
incident  beam  for  normal  incidence).  The  angular 
position  of  the  m  =  -2,  -1,  1,  2  can  be  measured 
from  the  photographs  as  30°,  30°,  76°,  and  82°. 

The  correspondent  calculated  values  using  Eq.  2 
are  30°,  30°,  90°,  90°.  There  is  some  error  in 
the  result  of  the  position  for  the  second  order, 
but  the  positions  of  the  first  orders  are  exactly 
the  same  for  the  experimental  results  as  predicted 
by  the  grating  equation.  On  Fig.  8  the  diffraction 
pattern  is  for  a  60°  incident  4  MHz  wave.  The 
grating  is  on  brass  with  periodicity  of  200p.  On 
the  left  the  zeroth  order  is  shown  (m  =  0)  which  is 
the  specular  reflection.  The  measured  position  of 
the  diffracted  order  to  the  right  is  82°  and  the 
calculated  position  for  m  =  -1  is  also  82°. 


Fig. 


7  Schlieren  photograph  of  incident  and 

diffracted  ultrasonic  waves  from  a  periodic 
water-brass  interface,  f 
200u. 


i  iTeren 'pfiotog^Aprl' oT  incident  a" 
diffracted  ultrasonic  waves  from  a  periodic 
water-brass  interface,  f  =  4  MHz;  =69°; 
A  =  200ii. 


Single  Frequency  Results.  For  a  normally  incident 
5MHz  wave  the  diffraction  pattern  is  shown  on 
Fig.  9  which  is  measured  by  a  receiver.  The  brass 
sample  with  the  periodic  surface  was  facing  the 
incident  beam  (water-brass  Interface).  The 
periodicity  of  the  grating  Is  200p.  The  zeroth 
order  and  the  first  diffracted  orders  are 
positioned  according  to  the  grating  equation 
(Eq.  2).  The  calculated  diffracted  angle  49° 
agrees  well  with  the  measured  value  of  46°.  The 
asymmetry  in  the  diffraction  pattern  may  be  due  to 
some  discrepancies  in  the  grating.  Both  forward 
and  backward  scattering  from  the  same  grating  are 
shown  on  Fig.  10.  The  grated  surface  is  opposite 
to  the  incident  beam.  The  frequency  is  14  MHz  and 
the  calculated  angle  for  the  first  order  is  32.7°. 
The  measured  angle  is  34°  for  these  orders. 
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Fig.  9  Polar  plot  of  an  ultrasonic  wave  diffracted 
from  a  periodic  brass-water  interface. 


Fig.  10  Polar  plot  of  an  ultrasonic  wave 

diffracted  from  a  periodic  brass-water 
interface. 

Results  of  Ultrasonic  Spectroscopy.  In  the 
narrowband  experiments  the  relationship  between  the 
grating  periodicity,  the  applied  frequency,  and  the 
angles  of  incidence  and  diffraction  may  be  found 
from  Eq.  2.  The  grating  equation  (Eq.  2)  may  also 
be  applied  to  a  broadband  signal  provided  the 
amplitudes  of  each  frequency  component  are  low 
enough  so  superposition  is  valid.  Accordingly,  at 
different  angles  of  incidence  the  various  fre¬ 
quencies  will  diffract  to  different  angular 
positions  as  predicted  by  the  grating  equation. 

On  the  other  hand,  by  placing  the  receiver  in  a 
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fixed  position  a  certain  frequency  which  satisfies 
Eq.  2  will  diffract  to  that  position.  A  special 
arrangement  was  investigated  when  the  incident 
wave  is  normal  to  the  grating  and  the  transducer 
is  used  both  as  a  transmitter  and  the  receiver. 

In  this  case  the  zeroth  diffraction  order 
(specular  reflection)  is  also  perpendicular  to  the 
grating. 

Water-Solid  Interface.  Observed  Anomalies.  On 
Fig.  11  the  intensity  spectrum  of  a  normally 
incident  reflected  signal  is  shown  from  a  grating 
with  200y  periodicity  on  brass.  The  brass  is  in 
water  and  the  water  column  is  about  15  cm  to 
assure  far  field  conditions.  The  most  significant 
features  of  these  spectra  are  the  two  distinct 
minima  occurring  at  7.8  MHz  and  at  10.8  MHz.  The 
energy  which  is  not  reflected  back  at  these  fre¬ 
quencies  to  the  receiver  diffracted  to  some  other 
position.  (This  phenomena  Is  similar  to  the  so- 
called  Woods  anomalies.  Woods  has  observed 
missing  components  from  the  reflection  spectrum  of 
the  light  from  a  diffraction  grating.  This  anomaly 
was  treated  by  Lord  Rayleigh  [11]  where  he 
developed  a  dynamic  theory  of  grating  and  found 
conditions  that  the  missing  frequency  corresponds 
to  a  diffraction  order  directed  along  the  grating 
angle  (90°).  By  rewriting  Eq.  2  for  normal 
incidence  we  obtain  for  the  frequency 


f 


v 

A  sin  0^ 


(3) 


taking  m  =  1  and  Qj  =  90°,  the  calculated  values 
for  velocity  v  from  the  frequency  7.8  MHz  is 
1.56  x  105  cm/sec  and  from  the  frequency  10.8  MHz 
is  2.16  x  105  cm/sec.  These  values  correspond  to 
the  velocity  of  sound  In  water  (1.5  x  105  cm/sec) 
and  to  the  Rayleigh  velocity  of  brass  (2.08  x  10° 
cm/sec).  It  appears  that  two  waves  are  coupled 
along  the  surface,  producing  the  first  diffraction 
order  along  the  grating  at  these  frequencies: 

(1)  a  longitudinal  wave  in  water  and  (2)  a  mode 
converted  Rayleigh  wave.  Using  such  diffraction 
gratings  as  a  device  to  convert  longitudinal  waves 
to  surface  waves  has  been  suggested  by  Ash  [12], 
and  it  is  a  convenient  way  to  observe  the  spectrum 
such  as  shown  on  Fig.  11.  The  phenomenon 
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Fig.  11  Ultrasonic  pulse-echo  spectrum  (for  normal 
incidence)  from  a  periodic  water-brass 
interface.  The  "anomalies"  at  7.8  MHz 
and  11.8  MHz  are  the  diffracted  first 
orders  along  the  interface. 


water-brass  interface.  For  each  of  the  four  cases 
the  periodicity  is  A  =  250p,  but  the  depth  h  has 
values  of  55p,  66y,  90p,  and  125p.  The  frequency 
minima  which  corresponds  to  first  diffraction 
along  the  surface  with  the  velocity  of  sound  in 
water  should  be  6  MHz  and  with  the  Rayleigh 
velocity  should  be  8.3  MHz  using  Eq.  3.  For 


Fig.  12  Pulse-echo  spectra  (for  nonnor-al 

incidence)  from  a  water-brass  periodic 
interface  of  different  h  (depth  of  the 
groove,  (a)  h  =  55p;  (b)  h  =  66p; 

(c)  h  =  9 Op;  (d)  h  =  125p. 

h  =  55y  there  is  a  sharp  minimum  at  6  MHz  and  there 
is  no  mode  conversion  to  Rayleigh  waves.  For 
h  =  66y  there  are  three  sharp  minima  at  6  MHz,  at 
8.5  MHz,  and  at  12.8  MHz.  The  last  minimum 
corresponds  to  m  =  2,  the  second  diffraction  order. 
At  h  =  90y  again  only  the  6  MHz  minimum  is  observed 
and  at  h  =  125p  only  the  8  MHz.  It  appears  that 
there  is  always  some  anomaly  present.  The  ampli¬ 
tude  of  the  zeroth  order  (m  =  0)  for  the  components 
whose  first  order  (m  =  1)  is  along  the  periodic 
surface  varies  with  h  (may  be  periodically).  Such 
variation  of  the  amplitude  may  be  seen  qualitati¬ 
vely  from  Eq.  1.  By  using  6i  =  ej  =  0  the 
intensity  of  the  mth  diffraction  order  goes  to 


sin 
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I  = 
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This  relationship,  however,  is  not  applicable  to 
the  elastic  wave  case  for  evaluating  the  effect 
quantitatively.  Figure  13  shows  these  periodic 
behaviors  of  Eq.  4.  There  is  a  sharp  minima  at 
h  =  66°p  and  h  =  125°p. 

The  phenomena  of  frequency  minima  in  the 
pulse-echo  spectrum  is  observed  also  at  other 
water-solid  interfaces.  Figure  14  shows  the  pulse- 
echo  spectrum  from  water-stainless  steel  interface 
for  grating  of  A  *  1500p  and  h  =  500p.  The 
anomalies  again  show  up  at  three  different  fre¬ 
quencies:  at  •'<1.1  MHz,  2.2  MHz,  and  3.3  MHz, 
corresponding  to  three  diffracted  orders  along  the 
surface  with  water  velocity  and  the  2.2  MHz  com¬ 
ponent  corresponds  to  the  Rayleigh  velocity  m  =  1 
for  Rayleigh  wave  and  m  =  2  for  water  (these  two 
effects  are  separated  once  the  grating  has  an  air 
backing).  The  3.3  MHz  is  the  m  =  3  order. 


apparently  depends  on  the  depth  of  the  grating.  On 
Fig.  12  the  pulse-echo  spectra  are  shown  from  a 


An  interesting  case  is  the  water-polystyrene 
interface.  Since  the  velocity  of  the  shear  wave  in 
polystyrene  is  1.15  x  10°  cm/sec,  which  is  less 
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Fig.  13  Calculated  variation  of  the  intensity  in 
the  zeroth  diffracted  order  from  a  water- 
brass  interface  as  a  function  of  grating 
depth  h. 


periodic  water-stainless  steel  interface. 


than  the  velocity  of  sound  in  water  and  no  real 
Rayleigh  angle  exists  to  generate  Rayleigh  waves  in 
water  by  the  usual  way,  i.e.,  transmitting  the  beam 
at  oblique  incidence.  With  a  grating  surface,  how¬ 
ever,  it  is  possible  to  generate  Rayleigh  waves  on 
polystyrene  (or  on  other  materials  where 
vs  <  vwater)-  The  backscattered  spectrum  at  normal 
incidence  is  shown  on  Fig.  15  for  a  periodicity  of 
1  mm  on  polystyrene.  The  first  minimum  is  at 
1.05  MHz  (the  usable  range  of  energy  is  from 
.5  MHz),  corresponding  to  the  first  diffraction 
order  along  the  surface  with  Rayleigh  velocity, 
followed  by  minima  corresponding  to  first  order 
with  velocity  of  sound  in  water  and  higher 
diffraction  orders. 

To  observe  the  anomalies  in  the  backscattered 
spectrum  at  normal  incidence  may  be  a  convenient 
way  to  measure  the  velocities  of  various  types 
along  the  surface.  Table  1  summarizes  the  fre¬ 
quency  minima  observed  in  the  backscattered 
spectrum— for  different  interfaces— together  with 
the  velocities  of  the  identified  waves  and  com¬ 
pared  to  predicted  values. 

Solid-Water  Interface.  The  anomalies  in  the 
frequency  spectrum  have  also  been  observed  for  the 
case  when  the  grated  surface  was  on  the  opposite 
side  as  the  transducer.  In  this  case  the  beam  is 
diffracted  at  a  solid-water  interface  from  the 
periodic  surface.  The  main  feature  of  the 


backscattered  spectrum  at  normal  Incidence  is  not 
the  same  as  for  the  case  of  water-solid:  frequency 
minimum  (anomalies)  observed  corresponding  to  the 
diffracted  orders  along  the  surface  with  the 
Rayleigh  wave  of  the  solid  only  but  no  component 
with  velocity  of  sound  in  water  Is  observed  (see 
Table  1). 


Fig.  15  Pulse-echo  normal  incidence  spectrum  from 
a  water-polystyrene  Interface. 


Solid  Air  Interface.  By  placing  an  air  backing  on 
the  grating  (sealing  off  the  grated  surface  from 
water)  the  origin  of  the  frequency  minima  in  the 
backscattered  spectrum  is  easier  to  identify.  On 
Fig.  16  the  backscattered  spectra  from  the  stainless 
steel-air  surface  with  periodicity  of  1500u  is 
shown.  Comparing  this  to  Fig.  14  where  the  grating 
is  in  contact  with  water,  it  is  apparent,  that  the 
frequency  minimum  at  1  MHz  on  Fig.  14  corresponds 
to  a  first  diffraction  order  in  water.  The  2  MHz 
frequency  minima  on  Fig.  14  is  produced  both  by 
m  =  2  with  sound  wave  in  water  and  m  =  1  with 
Rayleigh  wave  at  the  stainless  steel  surface.  On 
Fig.  16  in  addition  to  that  Rayleigh  wave  component 
at  2  MHz  there  is  another  minima  at  2.8  MHz  whose 
origin  is  not  clear  at  this  point. 


Fig.  16  Pulse-echo  normal  incidence  spectrum  from 
a  periodic  steel-air  interface. 


On  Fig.  17  the  backscattered  spectrum  from  a 
duraluminum- air  surface  Is  shown  for  a  periodicity 
of  1732p.  The  observed  minimum  at  1.7  MHz  corres¬ 
ponds  to  the  Rayleigh  wave  velocity  of  the  first 
diffracted  order  along  the  Interface.  By  pressing 
a  large  smooth  duraluminum  surface  against  the 
grated  surface  of  the  one  described  above  we 
obtained  a  solid-solid  contact.  The  spectrum, 
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ANOMALIES  IN  THE  ULTRASONIC  SPECTRUM  SCATTERED  FROM  CORRUGATED  INTERFACES 


Material 
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Peak-to- 
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(MHz ) 
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(1)  first  order  of  diffraction  along  the  surface. 

(2)  Second  order  of  diffraction  along  the  surface. 


Fig.  17  Pulse-echo  normal  incidence  spectrum  from 
a  periodic  dural -air  interface. 


however,  remained  approximately  the  same.  The 
frequency  minima  on  Fig.  18  is  at  the  same 
position  as  on  Fig.  17. 


Fig.  18  Pulse-echo  normal  incidence  spectrum  from 
a  periodic  dural -dural  Interface. 
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Diffusion  Bonded  Titanium.  One  problem  of  NOE  is  to 
evaluate  the  quality  of  bonding  between  two  solid 
interfaces.  The  number  of  contact  points  between 
the  two  surfaces,  their  distribution,  rms  rough¬ 
ness,  etc.  may  be  important  parameters  to  consider 
for  quantitative  evaluation  of  diffusion  bonding. 
With  that  in  mind,  ultrasonic  spectroscopy  was 
applied  to  the  diffusion  bonded  titanium  sample 
with  periodic  contact.  The  details  of  dimensions 
are  given  on  Fig.  5. 

Using  a  pulse-echo  system,  the  backscattered 
spectrum  from  the  grated  surface  at  various  angles 
of  incidence  were  recorded.  The  backscattered 
spectrum  for  normal  incidence  is  shown  on  Fig.  19. 
There  are  two  distinct  minima  at  1.5  MHz  and  at  3.8 
MHz.  These  anomalies  are  not  easily  explained. 

The  Rayleigh  velocity  would  produce  on  a  free 
titanium  component  which  is  1.7  MHz.  The  deviation 
may  be  due  to  several  factors,  e.g,,  nonflatness 
of  the  contact,  induced  stress,  etc.  The  origin 
of  the  3.8  MHz  minimum  on  Fig.  18  Is  not  clear  at 
this  point  either.  The  forward  scattering  (180°)  or 
through  transmitted  spectrum  (obtained  by  a 
receiving  transducer)  shows  also  two  frequency 
minima  on  Fig.  20  which  we  cannot  explain.  For  non¬ 
normal  incidence,  scattering  of  both  incident  L 
waves  and  mode  converted  S  waves  (at  the  interface 
of  the  sample)  are  studied.  On  Fig.  21  the  back- 
scattered  (pulse-echo)  spectrum  is  shown  for  a  19° 
incident  wave  in  water.  Since  this  angle  is  above 
the  longitudinal  critical  angle,  a  43°  shear  wave 
enters  into  the  titanium  sample,  this  43°  shear 
wave  in  titanium  is  diffracted  by  the  grating  and 
different  orders  of  diffraction  maxima  occur 
governed  by  the  grating  equation  (Eq.  2).  The 
diffraction  maxima  at  1.4  MHz  and  2.8  MHz  are 
obtained  at  43°  incident  angle.  This  information 
can  be  used  to  evaluate  the  periodicity  of  contact 
at  the  diffusion  bonded  surface.  For  example,  the 
measured  maxima  from  Mg.  21  is  used  to  calculate 
the  periodicity  as  1.78  mm  which  is  in  excellent 
agreement  with  the  actual  value  1.73  mm. 


Fig.  19  Pulse-echo  normal  incidence  spectrum  from 
a  corrugated  diffusion  bonded  interface 
in  titanium. 


Penny-Shaped  Crack  with  Periodically  Rough  Surface. 
THeeTfect  of  the  grating  surface  area  on  the 
diffracted  field  has  been  considered  by  scattering 
from  a  finite  penny-shaped  region  (a  crack)  inside 
diffusion  bonded  titanium.  On  Fig.  22  the  back- 
scattored  spectrum  at  normal  incidence  from  the 
crack  is  shown  photographed  together  with  the 
reference  spectrum.  The  minimum  at  9.69  MHz  is 
the  frequency  component  corresponding  exactly  to 


the  first  diffraction  order— produced  along  the 
crack  (5  mm  in  diameter)  having  a  periodicity  of 
3QOp— propagating  with  Rayleigh  velocity  on 
titanium.  It  appears  that  the  anomalies  in  the 
frequency  spectra  are  produced  by  finite  periodic 
surfaces  also.  It  should  be  Interesting  to  find 
limiting  conditions  to  obtain  this  anomaly,  both  in 
terms  of  dimension  of  the  crack  and  dimension  of 
surface  conditions. 

At  oblique  Incidence  backscattering  the 
spectrum  produced  is  s‘k  i  on  Fig.  23  which  is 
obtained  from  the  crack  w.tu  a  53°L  wave.  The 
maxima  at  12  MHz  indicate  that  the  periodicity  of 
the  surface  is  330p  which  is  in  good  agreement  with 
the  actual  value  of  the  periodicity  300p. 


Fig.  20  Through  transmission  spectrum  from  a 

corrugated  diffusion  bonded  interface  in 
titanium. 


Fig.  21  Diffraction  pattern  spectrum  of  an  incident 
43°  shear  wave  from  a  corrugated  diffusion 
bonded  interface  in  titanium. 

SUMMARY 

In  order  to  aid  the  understanding  of  the 
interaction  of  ultrasonic  waves  with  periodic 
structures — frequently  appearing  in  various 
materials— experiments  were  conducted  to  study 
ultrasonic  scattering  from  Interfaces  with  periodic 
structures.  The  interfaces  between  water  and 
various  solids  such  as  stainless  steel,  duraluminum, 
polystyrene,  and  brass  were  studied.  The  solid- 
water  (water  backing  on  the  periodic  surface), 
solid-air,  and  solid-solid  were  also  considered. 

In  addition,  ultrasonic  scattering  from  periodic 
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surfaces  inside  diffusion  bonded  titanium  was  also 
studied.  Two  cases  were  discussed:  (a)  the 
periodic  surface  is  large,  and  (b)  the  periodic 
surface  is  smaller  (finite  crack  with  periodic 
surface)  than  the  beam.  The  periodic  surface  is  a 
triangular  shaped  grating  with  periodicity  ranging 
from  100p  to  1730p. 

Both  narrowband  an-'  V  j  '■  .erlments  were 

conducted.  From  the  ang..'  ,>v'  and  frequency  depend¬ 
ence  of  the  scattering  the  c  uetween  the  two 

surfaces  were  accure''‘ely  date.  A  number  of 

anomalies  were  obseri>J  in  the  L  cicscattering 
spectrum  (at  normal  ncidence)  In  the  form  of 
sharp  frequency  minima.  These  missing  frequency 
components  (at  m  =  0,  i.e.,  at  the  zeroth 
diffraction  order)  are  first  (m  =  1 )  or  sometimes 
higher  diffraction  orders  coupled  along  the  grating 
surface  with  velocity  of  sound  In  water  and/or  the 
Rayleigh  velocity  in  the  solid.  Although  no 
elastic  wave  theoretical  analysis  is  available' at 
present  to  predict  these  anomalies,  electromagnetic 
and  acoustic  analogies  to  this  problem  have  been 
treated  by  Lord  Rayleigh.  It  is  suggested  that 
spectroscopic  studies  of  scattering  from  periodic 
structures  should  be  used  as  models  for  non¬ 
destructive  evaluation  of  such  problems  as  multiple 
defects,  bonding  between  two  or  several  layers,  and 
fiber-reinforced  composites. 


Fig.  22  Pulse-echo  normal  incidence  spectrum  from 
a  penny-shaped  crack  with  corrugated 
surface. 
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SUMMARY  DISCUSSION 


Bernle  Tlttmann,  Chairman  (Rockwell  Science  Center):  The  floor  Is  open  for  questions. 

Ross  Stone  (IRT  Corporation):  I  apologize  If  I'm  asking  an  obvious  question,  but  It  strikes  me  that  as 
you  scan  In  frequency  and  for  a  fixed  angular  orientation  of  your  transmitter,  scanning  your 
receiver  In  angle,  the  signal  you  build  up  Is  exactly  proportional  to  the  spatial  Fourier 
transform  of  whatever  the  structure  Is.  In  other  words,  If  you  have  a  full  spectrum  of  spatial 
roughness,  you  will  get  a  full  spatial  Fourier  transform.  If  one  Inverted  that  spatial  full 
Fourier  transform,  wouldn't  you  get  a  picture  of  the  roughness?  Have  you  used  that? 

Laszlo  Adler  (Ohio  State  University):  No,  we  haven't.  We  would  be  very  Interested  In  a  fixed  position 
of  the  transformer  hitting  It  normally  and  looking  at  the  back  reflection. 

Ross  Stone:  You  chose  the  sample  so  that  you  only  had  one? 

Laszlo  Adler:  It's  not  easy  to  have  all  the  angular  positions. 

Ross  Stone:  I  would  suggest  you  try  It.  I  think  it  might  be  successful. 

Laszlo  Adler:  Thank  you. 

R.D.  Wegleln  (Hughes):  I  wanted  to  make  a  comment  that  polystyrene  Is  very  similar  to  luclte.  I  made 
the  same  observation  using  the  reflection  acoustic  microscope  where  we  could  measure  what  I 
call  acoustic  material,  material  based  on  the  surface  skimming  bulk  wave,  longitudinal  in 
styrene. 

Laszlo  Adler:  The  longitudinal  angle,  but  you  do  not  have  a  real  angle  for  polystyrene? 

R.D.  Wegleln:  It's  the  angle  for  the  longitudinal  wave. 

Laszlo  Adler:  I  think  the  other  component  Is  not  quite  as  Intense  as  the  general  — 

R.D.  Wegleln:  That's  because  the  reflection  Is  strong,  very  strong,  so  the  Incident  amount  of  energy 
that's  transmitted  and  leaks  Into  the  surface  Is  very  small  than  It  would  be  for  a  Rayleigh 
wave. 

Laszlo  Adler:  I  didn't  say  you  cannot  have  a  surface.  You  cannot  have  a  Rayleigh  wave  generated  on  the 
polystyrene  with  the  usual  technique  because  you  don't  have  a  Rayleigh  angle,  but  you  can  have 
a  surface.  I  observed  that,  also. 

Bernle  Tlttmann,  Chairman:  We  will  now  move  on  to  the  next  paper. 
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SCATTERING  BY  SURFACE-BREAKING  AND  SUB-SURFACE  CRACKS 


J.D.  Achenbach,  R.J.  Brind  and  A.  Norris 
The  Technological  Institute 
Northwestern  University 
Evanston,  IL.  60201 


ABSTRACT 

This  paper  is  concerned  with  exact  solutions  and  approximate  solutions  in  the  high-frequency  domain 
for  scattering  of  time-harmonic  waves  by  surface-breaking  cracks  and  cracks  which  are  located  near  a 
free  surface.  Both  incident  surface  waves  and  incident  body  waves  have  been  considered.  The  high- 
frequency  approximate  solutions  are  generally  based  on  elastodynamic  ray  theory.  Some  approximate 
solutions  based  on  the  Kirchhoff  approximation  have  been  included  for  comparison. 

INTRODUCTION 


Elastodynamic  ray  theory  provides  a  powerful 
tool  for  the  computation  of  fields  generated  by 
scattering  of  time-harmonic  waves  by  cracks,  when 
the  wavelengths  of  the  incident  wave  is  of  the 
same  order  of  magnitude  as  characteristic  length 
parameters  of  the  crack.  Ray  theory  has  the 
advantage  of  simplicity  and  intuitive  appeal.  The 
rules  that  govern  reflection,  refraction,  and  edge 
diffraction  of  rays  are  well  established,  and  it 
is  generally  not  difficult  to  trace  rays  from  a 
source  via  the  scatterer  to  an  observer.  Fourier 
methods  can  be  used  to  relate  pulses  in  the  time 
domain  to  spectra  in  the  frequency  domain. 

Experimental  setups  generally  include  instru¬ 
mentation  to  gate  out  the  relevant  pulses  in  the 
scattered  field  on  the  basis  of  arrival  times.  The 
application  of  a  Fast  Fourier  Transform  to  these 
pulses  subsequently  yields  frequency  spectra.  In 
the  frequency  domain  the  raw  scattering  data  can 
conveniently  be  corrected  for  transducer  transfer 
functions  and  other  characteristics  of  the  system, 
which  have  been  obtained  on  the  basis  of  appro¬ 
priate  calibrations.  The  corrected  amplitudes  and 
phase  functions  can  then  be  compared  with  theo¬ 
retical  results  that  have  been  obtained  by  har¬ 
monic  analysis.  For  short  pulses  the  frequency 
spectra  of  the  diffracted  signals  are  centered  in 
the  high-frequency  (short  wavelength)  range.  Ray 
theory  gives  excellent  results  at  such  high  fre¬ 
quencies  . 

High-frequency  incident  waves  give  rise  to 
interference  phenomena  which  can  often  easily  be 
interpreted  on  the  basis  of  ray  tracing,  and  which 
can  provide  the  basis  for  an  Inversion  procedure. 
Particularly  the  first  arriving  signals,  which 
are  related  to  the  longitudinal  waves  in  the  solid, 
often  give  rise  to  a  simple  structure  in  the 
frequency  domain. 

Considerable  progress  has  been  achieved  in 
recent  years  in  the  application  of  elastodynamic 
ray  theory  to  scattering  by  cracks.  For  cracks 
in  unbounded  solids  theoretical  results  have  been 
given  by  Achenbach  et  al  [l]-[4].  For  two-dimen¬ 
sional  problems  ray  theory  results  have  been  com¬ 
pared  with  exact  results  in  Ref, [5],  and  with 
experimental  results  in  Ref.  (6], 

In  this  paper  we  consider  surface-breaking 


cracks  and  cracks  in  the  immediate  vicinity  of  a 
boundary.  We  start  with  a  brief  discussion  of 
exact  solutions.  For  the  surface  breaking  crack 
we  briefly  discuss  the  application  of  ray  theory. 
For  the  sub-surface  crack  approximations  to  the 
r  nattered  field  are  obtained  both  by  ray  theory 
i  by  the  Kirchhoff  approximation.  We  also  dis¬ 
cuss  some  pulse-echo  computations  for  the  case 
that  the  transducer  is  near  the  zone  of  specular 
reflection  from  a  surface-breaking  crack. 

2.  surface -breaking  cracks 

The  surface  breaking  crack  is  one  of  the  most 
harmful  crack  configurations,  and  it  is  thus  not 
surprising  that  there  is  a  considerable  interest 
in  thei r  detection.  In  this  section  we  review 
solutions  to  the  direct  scattering  problem  for 
incident  surface  waves  and  incident  bulk  waves. 

The  geometry  is  shown  in  Fig.  1. 


Fig.  1  Surface-breaking  crack  in  an  elastic  solid. 

2.1  Incident  waves  of  anti-plane  strain.  With 
reference  to  the  coordinate  systeni  shown  in 
Fig.  1,  waves  of  anti-plane  strain  are  defined  by 
displacements  in  the  z-direction  which  are  func¬ 
tions  of  x  and  y  only.  These  displacement  compon¬ 
ents,  w(x,y)  satisfy  the  reduced  wave  equation 
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(2.1) 


v2w  +  k|w  »  0  . 

In  Eq.(2.1),  v2  i s  the  two-dimensional  Laplaclan 
and  kT  =  w/c-p  where  &>  Is  the  circular  frequency 
and  c^.  Is  the  velocity  of  transverse  waves.  Here 

It  Is  Implied  that  the  waves  are  time-harmonic, 
but  the  term  exp(-iiot)  has  been  omitted,  as  It 
will  be  In  the  sequel.  The  boundary  conditions  are 

y  =  0,  -  ~  <  X  <«:  =  0  (2.2) 

x  =  0,0£y<d:  |-£  =  0  .  (2.3) 

An  incident  wave  of  anti-plane  strain  can  be  ex¬ 
pressed  in  the  form 

w^x.y)  =  A  exp[1kT(xsinoT-ycoseT) ]  (2.4) 

where  (sineT,coseT)  defines  the  propagation  direc¬ 
tion.  In  the  absence  of  the  surface  breaking 
crack,  the  incident  wave  would  give  rise  to  a 
reflected  wave  of  the  form 

wr(x,y)  =  A  exp[ikT(xsinoTfycoseT)]  ,  (2.5) 

It  is  easily  checked  that  the  following  condition 
is  satisfied 

J5ly  lwi(x*y)  +  wr(x*y)l  =  0  *  (2-6) 

The  total  field  generated  by  the  interaction  of 
the  incident  wave  (2.4)  and  the  reflected  wave 
(2.5)  with  the  crack,  can  be  expressed  by 

wt(x,y)  =  w^x.y)  +  wr(x,y)  +  ws(x,y)  (2.7) 

where  ws(x,y)  is  the  scattered  wave.  According  to 

(2.2),  awVay  vanishes  at  y  =  0:  Equations  (2.6) 
and  (2.7)  then  imply  that  the  boundary  condition 
on  the  scattered  field  is 

|^=  0  ,  y  =  0,  -  «  <  x  <  «>  .  (2.8) 

It  follows  from  (2.3)-(2.5)  and  (2.7)  that  the 
scattered  field  must  satisfy  the  following  con¬ 
dition  on  the  crack  faces 

--  =  -2iAkTsinoTcos(ikycoseT) ,  x=0±,0<y<d  . 

ax  II  i  (2i9) 

The  problem  defined  by  Eqs.(2.1),  (2.8)  and 
(2.9)  has  been  solved  as  a  specific  and  separate 
problem  by  Stone  et  al  [7]  and  Datta  [8],  An 
easier  way  to  obtain  a  solution  can  be  based  on 
the  observation  that  for  anti-plane  strain  the 
solution  to  the  surface-breaking  crack  can  be 
obtained  directly  from  the  solution  for  a  crack 
of  length  2d  in  full  space  by  symmetry  considera¬ 
tions.  The  geometry  for  this  case  is  shown  in 
Fig.  2. 


y 


Fig.  2  Crack  in  unbounded  medium  with  symmetric 
system  of  incident  waves. 

The  two  incident  waves  can  now  be  represented  by 
(2.4)  and  (2.5),  and  hence  (2,61  holds.  The 
scattered  field  is  again  defined  by  (2.7),  and  the 
conditions  on  the  crack  faces  is  given  by  (2.9), 
except  that  this  condition  is  now  defined  over  the 
interior  crack  of  length  2d.  Because  of  the 
symmetry  with  respect  to  y  of  the  right-hand  side 

of  (2.9),  ws(x,y)  will  be  symnetric  with  respect  to 
y,  and  hence  (2,8)  will  be  satisfied  automatically. 

The  high-frequency  scattered  field  for  the 
interior  crack  can  be  found  in  books  on  acoustics, 
see,  e.g.,  Ref.  [9]. 

2 . 2  Incident  waves  of  in-plane  strain.  Un- 

fortunately,  the  simple  symmetry  considerations 
that  hold  for  the  case  of  anti -plane  strain  are 
nut  valid  for  the  in-plane  case.  Symmetry  con¬ 
siderations  do  not  work  because  of  mode  coupling 
of  longitudinal  and  transverse  waves  at  a  traction- 
free  plane.  Thus,  it  is  not  possible  to  construct 
a  system  of  incident  waves  in  an  infinite  solid 
with  an  interior  crack,  so  that  the  conditions  for 
a  surface-breaking  crack  are  automatically  satis¬ 
fied.  Hence  the  problem  of  scattering  by  a  sur¬ 
face-breaking  crack  must  be  considered  as  a  com¬ 
pletely  separate  problem. 

Exact  solutions  for  the  two-dimensional  geo¬ 
metry  of  a  crack  of  depth  d  in  an  elastic  half¬ 
plane  were  given  in  Refs.  [10]  and  111].  In 
Ref. [11]  the  scattered  displacement  fields  due  to 
either  a  time-harmonic  surface  wave  or  a  plane 
time-harmonic  longitudinal  or  transverse  body  wave 
incident  upon  the  crack  from  infinity  are  investi¬ 
gated.  The  total  field  in  the  half-plane  is  taken 
as  the  superposition  of  the  specified  incident 
field  in  the  uncracked  half-plane  and  the  scattered 
field  in  the  cracked  half-plane  generated  by  suit¬ 
able  surface  tractions  on  the  crack  faces.  These 
tractions  are  equal  and  opposite  to  the  tractions 
generated  by  the  incident  wave  in  the  uncracked 
half-plane  when  evaluated  in  the  plane  of  the 
crack.  By  decomposing  the  scattered  field  into 
symmetric  and  anti -symmetric  fields  with  respect 
to  the  plane  of  the  crack,  a  pair  of  boundary 
value  problems  for  the  quarter-plane  is  obtained. 
These  two  boundary  value  problems  are  reduced  by 
integral  transform  techniques  to  two  uncoupled 
singular  integral  equations,  which  are  solved 
numerically  using  a  collocation  scheme.  The 
derivation  of  the  symmetric  equation  has  been 
presented  in  Ref.  [10],  nnd  the  derivation  of  the 
ant.i -symmetric  integral  equation  is  presented  in 
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Ref, [11].  The  crack-opening  displacements  are  then 
easily  calculated  from  the  solutions  of  the  singu¬ 
lar  integral  equations.  The  exact  representations 
of  the  diffracted  displacement  fields  are  subse¬ 
quently  obtained  in  the  form  of  finite  integrals 
over  the  crack  length,  which  are  evaluated  numer¬ 
ically. 


Fig.  3  The  total  field  ahead  of  the  crack 
(forward-transmitted  field) 


For  an  incident  Rayleigh  wave.  Fig.  3  shows  the 
forward-transmitted  field,  and  the  back-scattered 
field  is  shown  in  Fig.  4.  Apparently,  most  of  the 
incident  wave  is  backscutt.ered. 


Fig.  4  Comparison  of  exact  and  approximate  di¬ 
mensionless  x-components  of  the  displace¬ 
ment  fields  for  back-scattered  surface 

waves,  where  |(uRs)x|  =  KupS)xl 
/A(2c|/c^  -  1).  — -  Ray  theory  of  Ref. 112]. 

O-Exact,  see  (111.  - Asymptotic  evalu¬ 

ation  of  exact  integrals  of  [11], 


2.3  Ra.y  Analysis  of  Surface-Wave  Interaction  with 
an  Edge  Crack  In  Ref.p2)  a  simple  approximate 
approach  to  scattering  of  Rayleigh  surface  waves  by 
surface-breaking  cracks  has  been  presented,  which 
is  valid  in  the  high-frequency  range.  Solutions 
are  shown  to  agree  well  with  the  results  of  (11 j 
for  md/Cp  >  6  (see  Fig.  4)  where  u  is  the  circular 
frequency,  d  is  the  depth  of  the  crack, and  cR  is 
the  velocity  of  Rayleigh  surface  waves.  The 
method  of  analysis  which  is  based  on  elastodynamic 
ray  theory  can  potentially  be  extended  to  scatter¬ 
ing  by  surface-breaking  cracks  in  three-dimen¬ 
sional  configurations.  The  simple  concepts  of  ray 
tracing  that  are  used  suggest  simple  interpreta¬ 
tions  of  scattering  data  for  the  solution  of  the 
inverse  problem. 

An  incident  Rayleigh  wave,  propagating  in  the 
positive  x-direction  (see  Fig.  1),  interacts  with 
the  crack.  Both  the  mouth  and  the  edge  of  the 
crack  act  as  centers  of  diffraction,  which  gener¬ 
ate  diffracted  body  waves,  and  reflected,  and 
transmitted  Rayleigh  surface  waves.  The  diffracted 
body  waves  are  neglected  but  the  reflected,  trans¬ 
mitted,  and  diffracted  Rayleigh  waves  are  taken 
into  account.  The  reflections,  transmissions,  and 
edge-diffractions  are  investigated  one  by  one  on 
the  basis  of  elastodynamic  ray  theory,  and  the  re¬ 
sults  are  then  superimposed  to  yield  simple  ex¬ 
pressions  for  the  back-scattered  and  forward- 
scattered  Rayleigh  surface  waves  and  for  the 
elastodynamic  stress-intensity  factors,  in  terms  of 
reflection,  transmission,  and  diffraction  co¬ 
efficients.  A  simple  formula  for  the  inverse  pro¬ 
blem  is  presented,  which  relates  the  periodicity 
of  the  amplitude  modulation  in  the  high-frequency 
range  directly  to  the  depth  d  of  the  crack. 

2.4  Ray  analysis  cf  body-wave  interaction  with 

an  edqe~crack.  Ray  theory  can  conveniently  be  used 
to  analyze  the  interaction  of  in-plane  body-waves 
with  a  surface-breaking  crack.  For  very  short 
times  after  the  arrival  of  the  first  signal,  which 
comes  directly  from  the  crack  tip,  only  a  few  ray- 
paths  need  to  be  considered.  Three  ray  paths  are 
shown  in  Fig.  5,  for  an  angle  of  incidence  of  60°, 
and  an  angle  of  observation  of  45°.  The  Incident 
wave  is  a  longitudinal  (L)  wave.  Since  the  direc¬ 
tion  of  observation  is  not  near  a  shadow  boundary, 
or  near  a  boundary  of  a  zone  of  reflected  waves, 
there  are  no  difficulties  with  the  application  of 
ray  theory.  In  the  next  section  we  discuss  a  case 
of  backscattering  for  the  case  that  both  the  angle 
of  incidence  and  the  angle  of  observation  are  near 
45°.  Then  the  observation  point  is  near  a  bound¬ 
ary  of  a  beam  of  reflected  waves,  and  ray  theory 
cannot  be  applied  in  its  simplest  form. 


Fig.  5  Three  ray  paths  for  incident  L-rays 
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Incident,  reflected  and  diffracted  L-rays  are 
denoted  by  L1 ,  Lr,  and  Ld  respectively.  In  Fig. 6 
we  show  the  following  ray  paths:  L\d,l.1LrLd, 

and  L1LdLr.  In  the  time  domain,  these  ray-paths 
correspond  to  the  first  arrivals.  Ray-paths  which 
involve  mode  conversion  (l  to  T)  at  the  free  sur¬ 
face  or  at  the  illuminated  face  of  the  crack, 
correspond  to  later  arrivals.  In  Fig.  6  we  have 
shown  the  interference  of  the  time-harmonic  sig¬ 
nals  carried  by  the  diffracted  L-rays.  The  figure 
shows  the  amplitude  modulation  for  the  first  two 

rays  (L’ld  and  LrLci)  and  for  all  three  rays.  The 

LiLd  and  LiLrLd  interference  gives  rise  to  a  sim¬ 
ple  pattern  in  which  the  crack  depth  d  is  related 
to  the  spacing  of  the  peaks.  The  interference  of 

the  three  rays  (L\d,  l-VrLd  and  l\dLr)  already 
produces  an  amplitude  modulation  that  is  not  open 
to  immediate  interpretation. 


Fig.  6  Amplitudes  of  diffracted  L-rays 


Fig.  7  Surface-breaking  crack  and  location  of 
transducer 

positioning  of  the  transducer  we  define  its  posi¬ 
tion  as  x,  where  x  is  the  distance  of  the  center 
of  the  transducer  f rom  Q ,  the  intersection  of  11 
and  the  normal  from  II  to  the  crack  mouth.  The 
distance  x  is  defined  as  positive  in  the  direction 
away  from  the  vertex,  so  for  example,  in  Fig.  7 
x  <  0.  The  transducer  virtual  source  is  at  P.  A 
beam  of  half  angle  pq  emanates  from  P.  Each  ray 

of  the  beam  has  an  associated  angle  o£l-0rfoo], 
where  o  is  measured  clockwise  from  the  central  ray. 

As  the  beam  proceeds  from  P,  some  of  its  rays 
will  interact  with  the  crack  to  produce  a  sca¬ 
ttered  signal  which  may  be  detected  by  the  trans¬ 
ducer.  In  Fig.  7  the  rays  1  and  4  ao  not  interact 
with  the  crack.  Ray  2  is  diffracted  by  the  crack 
tip  to  produce  a  cylindrical  wave  emanating  from 
the  tip.  The  beam  between  rays  2  and  3  is  both 
reflected  from  surface  1  and  scattered  from  the 
crack  surface.  The  resultant  beam  is  directed 
back  towards  the  transducer,  where  it  is  detected 
as  a  signal  with  a  different  phase  and  amplitude 
than  the  purely  diffracted  signal. 


2.5  In terference  of  corner  reflection  and  edge 
diffraction.  When  an  1-wave  transducer  is  aimed 
at  a  surface-breaking  crack  such  that  the  waves 
are  reflected  back  from  the  corner  at  the  crack 
mouth  to  the  transducer,  then  under  certain  cir¬ 
cumstances  it  is  observed  that  the  backscattercd 
signal  is  composed  of  two  distinct  parts.  These 
distinct  signals  in  the  time  domain  are  thought  to 
be  due  to  reflection  from  thp  crack  corner  and  the 
diffraction  from  the  crack  tip.  As  the  transducer 
is  moved  slightly,  the  relative  amplitudes  of  the 
two  signals  changes  dramatically.  In  Ref. 1131  it 
has  been  attempted  to  estimate  the  relative  ampli¬ 
tudes  of  the  two  effects  in  a  high  frequency,  far 
field,  two  dimensional  approximation.  By  high  fre¬ 
quency  we  mean  that  k^  d  »  >  1 ,  by  far  field  that 

d/r  >  >  1,  where  r  is  the  distance  from  transducer 
to  crack-tip.  For  a  two  dimensional  approximation 
we  assume  a  line  source  behavior  for  the  trans¬ 
ducer.  Implicit  in  this  two  dimensional  model  is 
that  the  crack  width  is  much  larger  than  the  trans¬ 
ducer  width. 

The  geometry,  which  corresponds  to  an  experi¬ 
mental  set-up,  is  shown  in  Fig.  7.  The  surface¬ 
breaking  crack  of  length  d  is  normal  to  the  free 
surface  I  at  a  distance  b  from  a  vertex  of  interior 
angle  ♦,  0  <  +  <  n/2.  The  transducer  is  free  to 
be  shifted  along  the  free  surface  II.  For  any 


Tlu>  complete  analysis  of  the  diffracted  and 
reflected  signals  is  complicated.  Since  the  trans¬ 
ducer  is  located  near  a  boundary  of  the  zone  of 
reflected  waves,  ray  theory  cannot  be  applied 
directly.  A  more  sophisticated  theory,  which  is 
called  uniform  asymptotic  theory,  and  which  in¬ 
cludes  Fresnel  corrections,  must  be  used.  Details 
of  the  application  of  such  a  theory  to  the  problem 
described  above,  are  given  in  Ref. [131. 
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Fig.  8  Power  spectrum  when  the  transducer  is 
inside  the  zone  of  reflected  waves 
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Figures  8  and  9  show  some  results.  In  Fig.  8  the 
reflected  signals  from  the  corner  at  the  crack 
mouth  dominate  the  diffracted  signal  from  the  crack 
tip.  The  power  spectrum  of  Fig.  9  Is  for  the  case 
that  the  reflected  and  diffracted  signals  are  of 
the  same  order  of  magnitude.  This  means  that  the 
transducer  is  at  the  boundary  of  the  zone  of  re¬ 
flected  waves. 


Fig.  9  Power  spectrum  when  the  transducer  is  at 
the  boundary  of  the  zone  of  reflected 
waves. 


the  crack  the  scattered  field  was  shown  to  consist 
of  outgoing  Rayleigh  waves  and  cylindrical  body 
waves. 


The  integral  equations  derived  in  Ref.  [14] 
are  of  the  general  form 


rxy.xy(0.y;0,y')dy 


(3.1) 

(3.2) 


together  with  the  side  conditions 
fb 

j  d.(y)dy  =  0  ,  i  =  x,y  .  (3.3) 

a 

D-(y)  =  d.(y)(b-y)'*(a-y)'*  is  continuous  in 

[a,b].  Equations  (3.1)  and  (3.2)  must  be  solved 
•1  for  the  density  functions  d^y),  i  =  x,y.  In  (3.1) 

and  (3.2)  o’  and  o’  are  the  stresses  due  to  the 
xx  xy 

incident  wave  at  the  location  of  the  crack.  The 
kernels  rxx.xx  and  are  given  by  (3.8a,b)  of 

Ref.  (14].  ’Also 

k-j-  —  w/ C-|-  *  Cj  -  u/p  •  (3.4  ,b) 


The  two  curves  have  been  normalized  so  that  they 
have  the  same  maximum  values.  Clearly  Fig.  9  has 
a  more  distinctive  character,  with  a  sequency  of 
peaks  whose  spacing  is  related  to  the  crack  depth 
d.  Figures  8  and  9  show  that  a  slight  shift  of 
the  transducer  transforms  the  power  spectrum  from 
a  rather  even  curve  into  one  with  a  strong  pattern 
of  peaks  and  valleys,  albeit  with  much  smaller 
actual  values  of  the  power. 

3.  SU8-SURFACE  CRACKS 


The  displacement  discontinuity  across  the  crack 
faces  may  be  written  as 

(y 

J(y)  =  j  d^s/ds  ;  i  =  x,y  ,  (3.5) 

a 

Once  (u-](y)  has  been  computed,  the  radiated  elasto 
dynamic  field  can  be  computed  by  the  use  of  an 
elastodynami c  representation  integral. 


In  this  Section  we  summarize  some  recent  re¬ 
sults  for  scattering  by  a  sub-surface  crack. 


y 


Fig.  10  Geometry  for  the  sub-surface  crack 

3.1  Scattering  of  surface  waves-exact  analysis. 

In  Ref. [14]  an  exact  mathematical  analysis  has  been 
presented  tor  the  scattering  of  Rayleigh  waves  by 
a  sub-surface  crack.  The  two-dimensional  geometry 
considered  in  Ref. (14)  is  shown  in  Fig,  10.  In 
Ref. [14]  the  boundary- value  problem  for  the 
scattered  field  is  stated,  and  reduced  to  an  un¬ 
coupled  system  of  integral  equations,  which  have 
been  solved  numerically.  At  large  distances  from 


Fig.  11  Horizontal  surface  displacement  in  the 
back-scattered  Rayleigh  wave  vs.  kRa, 

u$S  =  I  uxs  /  |  ,-e-a/b  =  .1  ,  -6-a/b  =  .2 

-A—  a/b  =  .4. 
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For  three  values  of  a/b  the  amplitudes  of  the 
horizontal  displacement  components  of  the  back- 
scattered  and  forward-scattered  surface  waves,  are 
shown  in  Figs. 11  and  12,  respectively.  The  ampli¬ 
tudes  are  plotted  as  functions  of  kRa  =  2ira/AR, 

where  AR  is  the  wavelength  of  the  incident  surface 

wave.  It  is  noted  that  the  amplitudes  eventually 
decrease  as  kRa  increases,  i.e.,  as  the  wavelength 

becomes  smaller  relative  to  the  distance  from  the 
nearest  crack  tip  to  the  free  surface.  The  reason 
for  the  decrease  in  amplitude  is  related  to  the 
exponential  decay  of  surface  waves  with  depth.  A 
surface  wave  does  not  penetrate  much  deeper  into  a 
half-space  than  approximately  one  wavelength.  Thus 
as  the  wavelength  decreases  the  incident  wave 
experiences  less  scattering  by  the  sub-surface 
crack.  For  small  enough  wavelength  the  incident 
wave  passes  almost  unhindered  through  the  gap 
between  the  crack  tip  at  y  =  a  and  the  free  sur¬ 
face.  Figures  11  and  12  may  be  contrasted  with 
the  corresponding  ones  for  a  surface-breaking 
crack  of  depth  d  which  have  been  presented  in 
Ref. [11],  Very  short  waves  are  scattered  strongly 
by  a  surface-breaking  crack,  and  the  amplitude 
spectra  for  both  the  forward-scattered  and  the 
back-scattered  wave  show  an  oscillation  about  a 
finite  limit  as  kRd  Increases,  where  the  period  of 

the  oscillation  is  directly  related  to  the  depth 
of  the  crack. 


Fig.  12  Horizontal  surface  displacement  in  the 
forward  scattered  Rayleigh  wave  vs.  kRa, 

ufs  =  lu?  /  u™c|,-e-a/b  =  .I,-*- a/b  =  .2, 


-£r~  a/b  =  .4. 

The  amplitudes  of  the  scattered  waves  are  also 
small  when  kR(b-a)  «  1,  i.e.,  when  ar  >>  (b-a), 

in  the  long  wavelength  limit.  It  appears  that  for 
long  wavelengths  the  scattering  by  a  suD-surface 
crack  and  a  surface-breaking  crack  are  quite 
similar.  A  transition,  characterized  by  a  maximum 
in  Figs.  11  and  12  occurs  when  the  wavelength  AR 

is  of  the  order  (b-a).  Thus,  there  is  an  optimum 
wavelength  for  a  maximum  scattering  effect,  at 
which  the  crack  can  easiest  be  detected  by  ultra¬ 
sonic  surface  wave  methods. 

The  cost  of  calculating  these  results  is  a 
function  of  kR(b-a)  so  it  has  not  been  possible  to 


obtain  the  full  curves  over  the  whole  range.  How¬ 
ever  it  is  expected  that  when  kRb  is  sufficiently 

large  the  scattering  from  the  subsurface  crack  is 
approximately  that  due  to  a  semi-infinite  slit 
(i.e.,  the  case  when  b/a  =  «'  The  curves  are 
therefore  expected  to  coincide  with  each  other 
for  sufficiently  short  wavelengths,  and  to  verify 
this  five  additional  points  were  obtained  and  are 
plotted  as  the  large  symbols  in  Figs.  11-13. 


Fig.  13  Horizontal  surface  displacement  in  the 
transmitted  Rayleigh  wave  vs.  kRa, 

=  |«*  /  uJnC|  >  -fr*  a/b  =  .1 ,  a/b  ■  .2  , 

2k  a/b  -  .4. 

In  experiments  it  is  usually  attempted  to 
measure  the  backscattered  wave  and  the  forward- 
transmitted  wave,  where  the  latter  is  the  sum  of 
the  incident  wave  and  the  forward-scattered  wave, 
in  the  usual  way.  The  amplitude  of  ux  for 

the  forward  transmitted  wave  is  shown  in  Fig.  13. 
Consistently  with  the  previous  discussion  the  for¬ 
ward  transmitted  amplitude  first  decreases  and 
then  increases  with  increasing  kRa,  and  it 

approaches  the  amplitude  of  the  incident  wave  for 
sufficiently  large  kRa. 


Fig.  14  Horizontal  surface  displacement  in  the 
back-scattered  Rayleigh  wave  vs.  a/b, 

-£s  -  i  ,,bs  i nc ,  „  ub  _  ,  wb  _  ,  «b  _  R 
u  =  |u  /u  I,-*-  -  -  -  1  —  -  3,-*-—  -  5. 
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Figure  14  shows  the  amplitude  of  the  back- 
scattered  wave  as  a  function  of  a/b,  for  specific 
values  of  kRb.  An  increasing  value  of  a/b  means 

in  effect  a  smaller  crack,  since  the  crack  length 
is  proportional  to  1-a/b,  and  hence  a  smaller  back- 
scattered  wave. 


Fig.  15  Ray  paths  for  incident  L-rays. 

3.2  Ray  analysis  of  body-wave  interaction  with  a 
sub-surface  crack"  Three  ray  paths  are  shown  in 
Fig,  15.  In  the  terminology  of  Section  2.4  these 

ray  paths  are  L\d,  L1LrLd,  and  L1tAr.  In  all 
three  casos  the  ray  paths  can  be  either  via  the 
upper  or  via  the  lower  crack  tip.  The  interference 
of  the  tima-harmonic  signals  carried  by  these  ray 
paths  is  shown  in  Fig.  16.  The  interference  of 

the  two  L1 Ld  paths  shows  a  simple  structure  of 
periodic  peaks. 


ud/c^ 

Fig.  16  Amplitudes  of  diffracted  L-waves 

_  lV  +  lAd 

— B—  LdLd  +  lV  +  L\rLd  +  LiLrLd 

L1  L V  lVlWlVlV  LdLr+LiLdLr 
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SUMMARY  DISCUSSION 


Bernle  Tlttmann,  Chairman  (Rockwell  Science  Center):  We  have  time  for  two  questions. 

Don  Thompson  (Ames  Laboratory):  Have  you  looked  at  the  frequency  composition  of  the  scattered  waves  as 
they  travel  over  the  various  paths?  Presumably  the  subsurface  crack  would  serve  as  a  filter. 

J.D.  Achenbach  (Northwestern  University):  The  frequency  composition?  What  you  are  referring  to  is  an 
experimental  pulse  and  what  we  are  showing  here  is  for  a  fast  Fourier  transform  of  such  a 
pulse.  These  pictures  are  for  harmonic  waves. 

Don  Thompson:  They  are  that,  but  would  you  expect  there  to  be  a  difference  if  you  started  with 
different  pulses? 

J.D.  Achenbach:  You  have  to  work  with  very  short  pulses.  The  higher  the  frequency  content  the  better 
results  you  get. 

Don  Thompson:  The  filter  characteristics  of  the  various  cracks  should  show  up  in  the  comparisons. 

J.D.  Achenback:  Yes.  The  difference  Is  the  form  of  the  amplitude.  One  being  an  essentially  horizontal 
ripple,  the  other  being  a  strongly  decaying  curve  with  frequency. 

Laszlo  Adler  (Ohio  State  University):  Have  you  worked  out  incident  shear  waves? 

J.D.  Achenbach:  I'm  glad  you  brought  that  up,  because  what  we  have  done  here  are  all  first  arrival 

longitudinal  waves.  Everything  can  be  done  equally  well  for  shear  waves.  But  as  soon  as  you 
start  talking  about  shear  waves,  you  have  to  include  all  the  preceding  longitudinal  waves. 

Laszlo  Adler:  There  is  some  indication  you  may  have  stronger  signals  with  Incident  shear  waves. 

J.D.  Achenbach:  Definitely,  for  an  incident  shear  wave,  there  is  an  indication  that  you  have  stronger 
signals.  Unfortunately,  incident  shear  waves  still  produces  longitudinal  waves. 

Laszlo  Adler:  I  notice  you  have  a  distribution  of  the  input.  Do  you  include  finite  transducer  width? 

J.D.  Achenbach:  Yes.  And  we  integrate  over  the  width  of  the  transducer,  quote-unquote  transducer, 
which  is  just  a  width  here  of  one  inch,  I  think,  or  one  centimeter. 

Laszlo  Adler:  Not  uniform  but  weighted  Integration. 

J.D.  Achenbach:  Yes 

Bernie  Tittmann,  Chairman:  I  just  wanted  to  make  a  comment  that  the  crack  tip  when  radiated  by  surface 
waves  radiates  bulk  waves. 

J.D.  Achenback:  In  the  present  paper  we  talked  about  the  ray  model  for  back  scattering  surface  waves, 
and  we  didn't  look  into  the  medium  itself,  into  the  bulk  waves  generated  by  the  surface  waves, 
we  can  use  the  ray  model  for  bulk  waves  as  well. 

Bernle  Tittmann,  Chairman:  Thank  you.  We  must  move  on. 
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RESONANCES  AND  CRACK  ROUGHNESS  EFFECTS  IN  SURFACE  BREAKING  CRACKS 
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ABSTRACT 


This  study  deals  with  two  different  aspects  of  scattering  from  the  cracks.  The  first  one  is  the  mea¬ 
surement  of  crack  resonances  by  locaL  probes  and  the  second  is  the  effect  of  the  roughness  of  the  c  ick 
forces  on  the  scattering  data. 


Unlike  the  scattering  measurement  reported  elsewhere,  these  measurements  of  crack  resonances  are  to  be 
performed  by  local  probes.  Two  different  types  of  probes  are  described  and  their  problems  are  discussed. 


The  effect  of  crack  roughness  on  the  scattering  data  is  investigated  via  the  reciprocity  relation. 
The  crack  roughness  is  analyzed  using  perturb,  ion  theory  and  the  equivalent  boundary  condition  concept 
developed  by  Brekhovskikh  is  used  to  express  the  fields  in  the  presence  of  the  roughness.  The  effect  of 
roughness  on  the  scattering  data  is  then  discussed  in  qualitative  terms. 


INTRODUCTION 


In  our  last  year's  report  [1],  we  proposed  a 
model  to  explain  the  crack  resonance  phenomena, 
which  regards  the  resonances  as  standing  waves  due 
to  the  modes  that  propagate  on  crack  surfaces  along 
the  length  and  depth  directions.  For  these  reso¬ 
nances,  we  gave  the  following  formulas  which  agreed 
well  with  the  available  experimental  data  available 
at  that  t ime  [2,3] : 


L 


D 


_L 

21. 

2D 


(M  +  |) 


N  . 


(U 

(2) 


Hi.  re,  f^  and  fp  are  length  and  depth  reso¬ 
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the  r.  t'O  indices.  The  1/2  factor  in  Eq .  (l) 
arises  from  the  boundary  conditions  of  non -zero 
velocity  fields  at  the  crack  tips.  For  large 
cracks  and  Vd  can  be  taken  as  the  Rayleigh 

wave  velocities. 


INPUT 


IT 


OUTPUT 


-CRACK 


MATERIAL 


(a) 


(b) 


Fig.  1  Measurement  scheme  of  crack  resonances 


Measurement  Scheme  —  The  measurement  scheme  is  out¬ 
lined  in  Fig.  1.  We  place  input  and  output  trans¬ 
ducers  near  the  crack  and  we  cover  the  bottom  of  the 
plate  by  a  damping  material .  Within  our  frequency 
range  of  operation  (~  50-1000  kHz)  we  found  that 
both  heavily  tungsten  loaded  epoxy  and  Duxseal 
sealing  putty  work  fairly  well  as  dampers.  We 
always  repeat  the  measurements  on  a  control  plate 
(without  the  crack)  to  isolate  the  signature  of  the 
crack  resonance,  with  the  transducers  placed  on  the 
same  location  on  both  cracked  and  uncracked  plates 
to  eliminate  any  false  signal  that  might  arise  due 
to  the  lateral  plate  resonances . 

We  generally  work  on  cw  mode,  scanning  the 
frequency  and  monitoring  the  output  signal  through 
a  gain-phase  meter  (HP  3575^)  [Fig.  1(b)]  . 

Transducer  Types  —  We  basically  worked  with  large 
slots,  since  they  are  easier  to  manufacture. 


Therefore  our  frequency  of  operation  scaled  down 
accordingly.  Typically  we  worked  with  slots  in  the 
order  of  tens  of  millimeters  in  length  and  depth  and 
therefore  we  needed  to  develop  transducers  that  work 
in  the  hundred  kilohertz  range. 

One  transducer  type  is  two  side  electroded 
length  expander  bars  bonded  together  [Fig.  2(a)]. 

One  electrode  pair  acts  as  the  input  port  to  the 
probe  and  the  other  pair  is  the  output  port .  These 
transducers  have  been  used  successfully  to  deter¬ 
mine  the  mechanical  damping  at  frequencies  of  30  to 
200  kHz  [4],  To  reduce  the  electromagnetic  pickup 
between  the  transducers,  one  of  the  bars  is  rotated 
90°  before  bonding.  For  transducer  material,  we 
used  Channel  5800  (PZT-8)  poled  along  the  direction 
between  the  electrodes. 

Figure  2(b)  shows  the  response  of  such  trans¬ 
ducer  with  both  ends  free.  The  transducer  assembly 
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Fig.  2  Length  expander  transducer,  (a)  Geometry, 
(b)  Unloaded  frequency  response. 

resonates  when  L  =  X/b  ,  X/2  and  3V*+  •  The 
valley  between  the  first  two  resonance  peaks  is 
found  to  be  the  most  appropriate  region  to  detect 
the  crack  resonances  due  to  its  clean  and  fairly 
smooth  variation.  The  second  valley  is  not  very 
appropriate,  since  the  transducer  is  not  thin 
enough  for  single  mode  operation  in  that  region. 

When  the  transducer  thickness  satisfies  the  con¬ 
dition 

d  <  5*  (5) 

the  motion  of  the  bar  is  basically  along  the  length 
direction  while  for  thicker  transducers  higher  order 
modes  become  more  effective  [4], 

In  our  frequency  range  of  operation,  thickness 
and  practicality  considerations  limit  the  trans¬ 
ducer  thickness  to  2-3  mm.  Therefore  the  contact 
area  of  the  transducer  is  small  and  the  alignment 
of  the  transducer  becomes  critical.  Since  our  aim 
was  to  obtain  a  removable  probe,  we  avoided  perma¬ 
nent  bonding  of  those  transducers.  Instead,  we 
aligned  the  transducer  by  a  three  point  holder  and 
tried  water,  vacuum  grease  or  medical  gels  for 
coupling  material.  We  observed  that  the  coupling 
depended  critically  to  the  coupling  material,  its 
amount  and  the  way  it  was  applied.  In  particular, 
water  was  not  very  useful  since  it  failed  to  "wet" 
the  contact  area  properly. 

In  the  experiment  we  placed  the  transducer  in 
the  vicinity  of  the  crack  (about  1  mm  near  the 
crack  edge)  and  near  the  center  where  the  standing 
wave  distribution  for  the  first  length  resonance 
is  at  its  peak.  In  one  case  we  obtained  the  data 
given  in  Fig.  3  with  a  27  ran  transducer  placed  near 
an  EDM  notch  of  length  43  ran  on  aluminum  [5] .  The¬ 
oretical  calculations  predict  a  length  resonance  at 


f  =  32  kHz  and  there  iu  an  "S"  type  signature  on 
the  observed  response  between  47-58  kHz  for  the 
transducer  on  the  cracked  plate  (Fig.  3).  The  same 
kind  of  signature  was  obtained  from  the  far  field 
scattering  experiments  by  P.  Khuri-Yakub,  et  al 
[2]  at  higher  frequencies.  Note  that  the  Q  for 
this  resonance  1b  around  5* 


Fig.  3  Experimental  results  with  the  length  ex¬ 
pander  transducer.  (i)  Free  transducer, 

(ii)  Transducer  on  the  plate  without  the 
crack,  (ill)  Transducer  on  the  plate  with 
the  crack. 

As  mentioned  previously,  coupling  is  the  basic 
drawback  of  these  transducers,  leading  to  poor  re¬ 
peatability  of  the  measurements .  The  transducer 
used  in  obtaining  the  data  given  in  Fig.  3  was 
eventually  damaged,  and  we  were  unable  to  repeat 
the  results.  We  will  continue  to  use  these  trans¬ 
ducers  in  the  future,  using  permanent  bonding  to 
eliminate  the  coupling  problem. 

The  difficulties  of  the  length  expander  bars 
led  us  to  look  for  different  transducer  type,  and 
we  decided  to  use  interdigital  transducers  with  a 
small  number  of  elements.  We  used  PZT-5H  or  PZT-8 
slabs  of  thicknesses  in  the  order  of  0.3-1  ran  and 
tested  several  geometries  shown  in  Fig.  4.  In 
Fig.  4(a)  we  formed  the  transducer  by  depositing 
electrodes  on  the  surface  of  the  slab.  Figures 
4(b)  and  4(c)  show  counterpoled  and  unlpoled  pieces 
that  are  bonded  to  the  surface  separately.  The 
pieces  are  epoxy  bonded  to  the  surface  of  the 
aluminum  plate-  In  all  cases  we  observed  that  the 
center  frequency  is  not  determined  by  the  separ¬ 
ation  of  fingers,  Lg  ,  but  rather  by  the  width 
of  each  finger  Lp  .  Their  efficiencies  are  sur¬ 
prisingly  high,  and  for  the  case  of  a  single  finger 
transducer,  we  obtained  an  insertion  loss  as  low  as 
13  dB  (including  the  6  dB  loss  due  to  bidirection¬ 
ality)  between  two  such  transducers.  Their  band¬ 
width  is  narrower  than  the  theoretical  expectations. 
The  15  dB  bandwidth  Is  in  the  order  of  55#- 

To  detect  the  depth  resonances  of  a  2-D  slot, 
we  bonded  two  single  finger  transducers  on  an  alu¬ 
minum  plate  whose  bottom  is  fully  covered  with  non- 
uniform  grooves  of  depth  ~  10  mm  filled  with  tungsten 
epoxy.  The  total  plate  thickness  is  -  30  mm,  and  the 
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separation  between  the  transducers  is  25  rnm.  We 
measured  the  transmission  response  between  the 
transducers  with  no  slot  and  then  cut  the  slot.  In¬ 
creasing  the  depth  in  0.5  mm  increments  and  mea¬ 
suring  the  response  at  each  depth  (Fig.  5)-  We 


f>r 


,(R)  .. 


1/2 


/‘V 


VW 


n  ds 


00 


where  are  the  solutions  in  the  presence  of 

the  smooth  crack  when  power  Pi  is  applied  to  the 
first  transducer;  V£,X2  are  t^ie  solutions  in  the 
presence  o£  the  rough  crack  when  power  ?2  is  ap¬ 
plied  to  the  second  transducer;  n  is  the  inward 
normal  (towards  the  roughness)  on  the  surface  Sp*  ; 
and  is  the  contribution  of  the  surface 

roughness  to  the  scattering  coefficient. 


X2 


(b)  (c) 


Fig.  4  Bonded  interdigital  transducers,  (a)  Single 
piece  transducer,  (b)  Poled -counterpoled 
transducer,  (c)  Unipoled  transducer. 

were  able  to  see  the  slot  because  of  its  effect  on 
the  measurements  but  were  unable  to  recognize  the 
signature  of  the  depth  resonances  (if  there  were 
any).  We  have  not  tried  placing  transducers  closer 
or  further  apart,  but  will  do  so  In  the  future. 


TRANSDUCER  2 


TRANSDUCER  1 

Fig.  6  Reciprocity  relation  geometry  as  applied 
to  rough  cracks . 
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Fig.  5  Crack  depth  resonance  measurements  by 
single  element  transducer. 

ANALYSIS  OF  ROUGH  CRACKS 


Consider  the  scattering  geometry  given  in 
Fig.  6  where  our  aim  is  to  calculate  the  contribu¬ 
tion  of  the  surface  roughness  to  the  scattering 
coefficient  from  transducer  1  to  transducer  2  . 
We  assume  that  we  can  enclose  the  rough  crack  with 
a  smooth  open  crack  which  is  characterized  by  the 
surface  Sp  . 


Since  •  n  =  0  on  Sp  ,  Eq.  (4)  becomes 


&r(R)  =  — —172 

« S. 


ds 


(5) 


In  Eq .  (5)  Vj  is  the  velocity  field  in  the 
presence  of  the  smooth  crack,  ar.d  Tg  •  n  is  ths 
normal  stress  in  the.  presence  of  the  rough  crack 
evaluated  on  the  smooth  crack  surfaces .  To  eval¬ 
uate  Tp  •  n  we  follow  the  analysis  of  Brekhovskikh 
[7,8)  which  has  been  successfully  used  to  analyze 
the  attenuation  of  Rayleigh  waves  on  rough  surfaces 

t7,9). 


Consider  a  rough  surface,  Sr  as  shown  in 
Fig.  7.  We  define  a  flat  surface  Sp  under  the 
roughness,  defined  by  the  coordinate  variables  rj 
and  rg  ,  and  denote  the  normal  vectors  to  the  flat 
and  rough  surfaces  by  n  and  n(rl,r2)  respec¬ 
tively.  The  roughness  is  then  defined  as  a  func¬ 
tion  of  the  coordinate  variables  r\>v2  ’ 
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where  rn  is  the  coordinate  variable  in  the  direc¬ 
tion  of  the  normal  vector  n  .  The  rough  surface 
can  then  be  expressed  by  the  equation 


*(rl’r2’rn>  =  rn  ‘  fR(tl't2’  =  0  • 


(7) 


We  start  with  the  reciprocity  relation  [6] 


Then  the  normal  vector  to  the  rough  surface  is  simply 
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Fig.  7  Surface  roughness  and  associated  coordinate 
variabi.es  . 


the  unit  vector  in  the  direction  of  the  gradient 
of  the  function  defining  the  rough  surface. 
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and 

Iwi 

=  [1  +  (dydrj)2  +  (dfR/dr2)2]1//2* 

(10) 

if 

(dfR/dr.)2  «  1  i  -  1,2 

(11) 

then  Eq 

.  (8)  can  be  approximated  as 
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where  we  have  also  used  Eq.  (15).  This  leads,  within 
the  accuracy  of  first  order  perturbation  theory,  to 
replacement  of  the  actual  boundary  condition  [Eq . 
(13)]  on  the  rough  surface  by  an  equivalent  boundary 
condition 
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on  the  flat  surface  Sp  .  Note  that  the  left-hand 
side  of  Eq .  (19)  is  the  quantity  required  to  eval~ 
uate  the  reciprocity  integral  given  in  Eq .  (5). 


One  implication  of  Eq.  (19)  and  Eq .  (5)  is  that 
the  effects  of  the  roughness  on  different  faces  of 
the  crack  are  different.  Noting  that  in  Eq. 

(5)  is  the  total  unperturbed  field,  the  fields  on 
the  shadowed  face  of  the  crack  are  less  than  those 
on  the  illuminated  face.  Since  Tg  is  related  to 
the  roughness  function  fR  via  Eq.  (19),  the 
roughness  on  the  illuminated  face  has  more  effect 
on  the  scattering  coefficient  than  that  on  the 
shadowed  face. 


Since  the  rough  surface  is  stress  free,  we 

have 

T  •  n(r1?r2)  =  0  on  SR  (rn  =  fR)  .  (13) 


Example  —  We  chose  the  simple  example  of  scattering 
of  SH  waves  from  a  rough  surface  (Fig.  8).  We  as¬ 
sume  plane  wave  Incidence  at  an  angle  0  and  re¬ 
ceive  the  signal  at  an  angle  ,  using  an  infinitely 
wide  transducer . 


The  stress  field  can  be  expressed  as  the  sum 
of  the  unperturbed  stress  field  and  a  first  order 
perturbation,  l.e. 

T  =  T^  +  T^  +  ...  (14) 

where 

T(0)  •  n  =  0  on  Sp  (rn  =  0)  .  (15) 

Each  term  in  Eq .  (14)  is  then  expanded  in  power 
series  in  r^  .  For  example, 

T(0)  =  T^0)(rn  =  0)  +  rn  8T(0Vdrn(rn  =  0)  +  ... 

(16) 


In  free  space  the  SH  wave  components  arc 
-ikA  sin  ay  -ikA  cos  0<z 

Vx  =  V0e  0  e  0  (20) 

2P  sin  ay  -ik  cos  az 

T  =  -  —2  cos  a  e  0  e  0  (21) 

2P„  -ik  sin  ay  -ik  coj  az 

T  - - -  sin  a  e  0  e  0  (22) 

xy  v 

c 

where  a  is  the  angle  of  propagation  and  Pq  is 
the  power  per  unit  length  along  the  angle  a  . 


Substitution  of  Eq .  (161  lno  Eq.  (14)  gives 

T  =  T^°)(r  =  0)  +  T^(r  =  0) 

'  n  7  '  n  7 

+  rn[cST(0V3rn](rn=  0)  +  ... 

(17) 

Further  substitution  of  Eqs.  (IT)  and  (12) 
Into  (13),  keeping  only  the  first  order  terms, 
yields 


T  •  n(r1,r2)| 


r(D 


nl  +  fR[3T(0)/drn] 


The  unperturbed  fields  for  the  problem  are  the 
total  fields  after  reflection  from  the  smooth  sur¬ 
face  Sp  ,  i.e. 
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where  a  —  6  or  <p  for  the  two  waves  shown  in  the 
figure.  Assuming  a  one  dimensional  roughness  func¬ 
tion  fR(y)  and  applying  Brekhovskikh  formula 


Note  that  P^  and  Pg  are  the  acoustic  power  flow 
along  0  and  tp  directions  respectively  (see 
Fig.  8) 


P1  =  /P  O' 


d  £  and 


=  /P0dh 


P^  =  PQ  cos  0 


P2  =  P0  COS  9 


Equation  (27)  therefore  reduces  to 


(cos  9  cos  <p)  '  L-*50  2L 


-  / 


ik.  cos  Cpf_  +  sin  Cp 
0  K 


-ik0(sin  9  +  sin  cp)y 


In  Eq.  (JO)  the  limit  arises  because  excitation  and 
reception  are  with  infinitely  wide  transducers  and 
the  roughness  of  the  surface  extends  to  infinity. 

We  identify  the  exponential  term  inside  the  integral 
as  the  Fourier  transform  kernel.  Neglecting  the 
difficulties  associated  with  (the  total  "power*1 

of  f^  is  infinite),  one  obtains 


=  . 


1  +  sin  0  sin  Cp 


(cos  0  cos  cp) 


l72S{fR}  (51) 


where  the  Fourier  transform  variable  is 
k  =  k^(sin  9  +  sin  <p) 
and  we  have  used  the  relation 


SS  jff  j  =  •  (55) 

As  a  check,  consider  the  case  when  fp  =  fg 
(constant).  This  corresponds  simply  to  a  shift  on 
coordinate  axis  z  by  an  amount  fg  .  Then  Eq . 
(jl)  says  that  the  scattered  field  Is  in  the  <p  = 

-  0  direction,  and  its  value  is 

6F(R)  =  -12kofocos0.  (54) 

This  is  the  additional  phase  shift  introduced  by 
the  path  length  difference  2fg  cos  0  due  to  the 
layer  of  thickness  fg  . 

If  fR(y)  is  periodic,  i.e. 

fR(y)  =  £g(l  +  COS  k^y )  (55) 

then  in  addition  to  the  specular  reflection  com¬ 
ponent,  there  are  two  other  components  at  angles 
cp  satisfying  the  relation 


sin  cp  =  -  sin  0  ±  —  .  (56) 

k0 

In  general,  the  roughness  function  fR(y)  is  un¬ 
known.  Therefore  it  is  preferable  to  take  it  as  a 
stochastic  process  and  examine  the  statistics  of  the 
scattering  coefficient.  The  first  moment  (expected 
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value  or  meen  value)  of  the  scattering  coefficient 
gives  simply 

E{6r(R)}  =  -  2k0A(e,cp)SS{E{fR}}  (37) 

where  we  have  lumped  the  angle  dependence  into  an 
angle  factor,  i.e. 

1  +  sin  9  sin  <p 

A(0,q>)  =  - rjx  ■  (38) 

(cos  9  cos  cp)  ' 

If  f^  is  an  ergodic  process  (i.e.,  statistics  of 
the  whole  ensemble  of  roughness  functions  can  be 
determined  by  examining  a  single  member),  then 

E{fR)  =  spatial  average  of  fR  =  2^  (39) 

(R) 

and  the  expected  value  of  SP1,  '  is  simply  a  phase 
shift  due  to  the  mean  value  of  fR  .  For  the 
second  moment  we  have 

E{f,r(R)6r(R)*)  =  4k2A2(e,cp)sf  (4o) 

where  Sf  is  the  power  spectrum  (Fourier  transform 
of  the  autocorrelation  function)  of  the  roughness 
function  fR  .  The  variance  of  the  scattering  co¬ 
efficient  is  then 

Var  (fir)  =  (E{fir(RV(R)*} 

-  E2{6r^R^}]1/2  .  (4i) 

The  Implications  of  Eqs.  (37)  and  (4l)  are  the 
following: 

When  a  scattering  measurement  is  made,  the  re¬ 
sults  are  obscured  by  the  effect  of  roughness  .  If 
one  tests  N  different  rough  samples  for  which  the 
statistics  can  be  determined  by  examining  a  single 
member  (ergodicity ),  the  average  of  the  measurements 
is  simply  a  phase  shift  due  to  the  mean  value  of  the 
roughness  functions.  For  any  measurement,  the  mea¬ 
sure  of  the  deviation  from  the  ideal  value  (no 
roughness  case)  Is  related  to  the  variance  of  the 
"noise"  (contribution  of  the  roughness)  which  is 
expressed  in  Eq.  (41).  In  other  words,  any  measure¬ 
ment  value  contains  an  uncertainty  for  which  the 
measure  is  the  variance. 

For  instance,  if  one  is  making  angular  scatter¬ 
ing  measurements  in  the  high  ka  regime,  one  ob¬ 
tains  a  scattering  pattern  which  can  be  approximated 
as  [5,10] 

-(C)  sin  x  „  L  . 

Tv  '  a - x  —  ?7T  —  sin  e 

x  '  X 

and  the  nulls  can  be  used  to  determine  the  length 
L  of  the  crack.  In  the  presence  of  the  roughness 

r  =  r(o)  +  r(R) 

and  the  uncertainty  imposed  by  the  roughness  will 
introduce  an  uncertainty  in  the  position  of  the 
nulls. 

In  the  case  of  resonance  measurements,  the 
effect  of  roughness  is  attenuating  the  crack  modes 
that  trav’l  along  the  depth  and  the  length  of  the 
crack.  Although  the  resonance  frequencies  do  not 
change,  the  Q  of  the  resonances  decreases  due  to 
the  attenuation  caused  by  the  roughness.  Since 


these  resonances  are  low  Q  in  nature,  the  effect 
of  the  roughness  will  either  be  increasing  the  un¬ 
certainty  in  determining  the  center  frequency  or 
wiping  them  off  at  all. 
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SUMMARY  DISCUSSION 


Bernle  Tlttmann,  Chairman  (Rockwell  Science  Center):  We  have  time  for  one  or  two  questions. 

Gerald  Quentin  (University  of  Paris):  I  think  it  Is  quite  Interesting  to  work  with  reciprocity  because 
we  can  carry  out  calculations,  but  there  Is  a  problem  left  with  this  sphere  as  It  applies  only 
for  small  slots  on  the  surface.  You  give  the  expression  that  the  roughness  cannot  vary  very 
much  with  the  distance  on  the  surface.  And  the  problem  Is  that  you  just  apply  the  theory.  For 
example,  when  we  made  the  experiments  with  Laszlo  Adler  on  fracture  cracks,  even  at  the  opening 
of  the  crack  the  slope  Is  quite  large. 

Sevlg  Ayter  (Stanford  University):  The  theory  applies  so  long  as  the  roughness  function  -  this  Is  the 
roughness  function  -  so  long  as  the  roughness  function  Is  small. 

Laszlo  Adler  (Ohio  State  University):  That's  what  he  was  saying. 

Sevlg  Ayter:  As  a  perturbation,  the  roughness  function  must  be  small,  and  also  the  — 

Gerald  Quentin:  Which  Is  the  slope?  It  almost  has  to  be  equal  to  the  angle  with  the  normal. 

Sevlg  Ayter:  I  don't  quite  get  the  Implication  of  your  remark. 

J.D.  Achenbach  (Northwestern  University):  In  what  you  have  drawn  there,  you  need  a  much  more  gradual 
Slope.  Even  at  this  small  slope,  you  would  need  a  small  roughness  function  as  well. 

Bert  Auld  (Stanford  University):  I  wanted  to  nuke  a  comment  there.  I  think  the  approximation  there  Is 
not  the  derivative  estimate.  But  the  square  Is  small,  and  1  think  If  you  go  to  second  order 
you  can  push  that  up  further  and  you  can  actually  modify  the  Brekhovsklkh  theory. 

Bernle  Tlttmann,  Chairman:  Thank  you.  We  will  now  have  to  go  on. 
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ABSTRACT 

To  model  elastic  wave  scattering  from  fatigue  cracks  in  metals,  studies  were  conducted  of  wave 
scattering  from  artificial  cracks  using  ultrasonic  spectroscopy.  The  cracks  are  of  two  dimensional 
planar  strips  oriented  at  various  angles  and  embedded  in  diffusion  bonded  titanium  alloy.  The  crack 
is  assumed  to  behave  as  a  Griffith  crack  and  expressions  (derived  by  AchenbachM  to  describe  diffracted 
field  of  elastic  waves  are  used  to  analyze  experimental  results. 


THEORY 


A  plane  longitudinal  wave  is  incident  upon  a  On  figure  2,  the  diffracted  amplitude's  angular 

Griffith  crack  of  length  2d  as  shown  on  figure  1.  distribution  shows  a  symmetrical  diffraction 

pattern. 


Fig.  1  Coordinate  system 

The  amplitude  of  the  diffracted  wave  in  the  far 
field  has  been  calculated  by  Achenbach*  by  using 
an  integral  representation  theorem2-  as 

u^r1)  =  -Jdsj(r)Aui(r)rij>k(r1-r)  (1) 

where  the  integration  is  over  the  line  segment 
that  coincides  with  the  undisturbed  crack.  In 
this  representation  the  displacement  discontinuity 
is  given  as 

Au^(r)  =  u-(x1.0+)  -  u^Xji.O")  (2) 

p 

and  t.j  .  are  the  i , j  stress  components  of  the 
fundamental  singular  solutions  for  an  unbounded 
medium.  With  the  assumption  that  the  displace¬ 
ments  on  the  upper  half-plane  is  approximately 
zero  and  at  the  lower  half  is  similar  to  those 
corresponding  to  the  reflection  of  plane  waves, 
the  displacement  field  is  obtained.  The  result 
has  been  evaluated  for  a  500u  length  Griffith 
crack  in  titanium  alloy  for  an  incident  10MHz 
longitudinal  wave  and  for  angle  0o=O. 


Fig.  2  Diffraction  pattern  of  a  10MHz  L-wave 
by  a  500pm  Griffith  crack  in  Titanium 

EXPERIMENT 
Experimental  System 

The  present  configuration  of  the  ultrasonic 
spectroscopy  data  acquisition  and  processing  Is 
illustrated  on  figure  3.  A  fast  rise-time  pulser 
produces  a  high-voltage  spike.  This  wide  band 
electrical  pulse  excites  an  untuned  highly  damped 
ceramic  transducer.  The  ultrasonic  pulse  which  is 
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produced  contains  a  broad  band  of  frequencies 
(figure  4). 


<»> 


Fig.  4  Transducer  output  A.  Time  domain 

B.  Spectrum. 

Ultrasound  scattered  by  the  defect  is  received  by 
either  (1)  the  transmitting  transducer  ipulse-echo) 
or  (2)  a  separate  receiving  transducer  (pitch- 
catch).  A  goniometer  provides  precise  yet  flexible 
positioning  of  the  transducers  for  immersion  test¬ 
ing.  The  electrical  pulse  produced  by  the  receiver 
is  amplified  by  wide  bandwidth  gain  stage.  A  step¬ 
less  gate  is  used  to  select  a  portion  of  the  receiv¬ 
ed  signal  for  further  analysis.  The  receiver  output 
as  well  as  the  gated  waveform  is  displayed  on  an 
oscill iscope. 

The  frequency  content  of  the  gated  waveform 
is  presented  on  an  analog  spectrum  analyzer.  The 
gated  pulse  may  also  be  captured  and  stored 
through  the  use  of  one  of  two  digital  data  acquisi¬ 
tion  systems.  One  system  utilizes  a  high-speed 
transient  recorder  to  store  the  signal  amplitude 
at  discrete  times  In  its  digital  memory.  A  mini¬ 
computer  controls  the  acquisition  of  the  ultrasonic 
pulse  and  then  transfers  the  digitally  represented 
signal  from  the  recorder  to  the  minicomputer  memory. 
The  information  may  also  be  permanently  stored  by 
recording  it  onto  a  magnetic  disk.  The  second 
data  acquisition  system  is  a  microcomputer  con¬ 
trolled,  high  resolution,  high  sample  rate, 


equivalent  time  device  with  a  'real-time'  spectral 
display.  Sampled  signal  information  is  stored  on 
magnetic  tape. 

Processing  of  the  ultrasonic  signal  (Fast 
Fourier  Transformation,  correlation  and  deconvolu¬ 
tion)  Is  performed  on  the  minicomputer.  A  graphics 
terminal  provides  displays  of  the  spectra  and  other 
pertinent  information. 

SAMPLES 

The  "Griffith"  cracks  are  fabricated  into  a 
diffusion  bonded  titanium  alloy  by  Rockwell  Science 
Center.  The  length  of  the  crack  is  2388pm.  Four 
cracks  were  obtained  of  the  same  length  but  with 
orientations  of  0°,  30°,  60°,  and  90°  relative  to 
the  surface  of  the  sample.  A  schematic  of  the 
sample  is  shown  on  figure  5. 


GRIFFITH  CRACK 


Fiy .  5  Griffith  crack  inside  a  Titanium  disk 


RESULTS 

Spectra  at  several  scattered  angles  of  a  nor¬ 
mally  Incident  (to  the  surface  of  the  sample)  L- 
wave  are  shown  on  figure  6. 


Fig.  6  Experimental  amplitude  spectra  of  scat¬ 
tered  L-waves  at  15°  intervals  for  an 
incident  wave  from  the  bottom. 


356 


The  Griffith  crack  is  oriented  60°  from  the  sur¬ 
face  of  the  sample.  The  scattered  angles  (meas¬ 
ured  in  the  titanium  alloy)  are  in  15°  intervals. 
There  is  an  asymmetry  in  the  spectrum  because  of 
the  tilted  cracks-  For  a  crack  where  the  plane 
is  parallel  with  the  sample  surface  the  scattered 
spectra  is  symmetrical .  Sending  the  wave  from 
the  top  surface  (rather  than  from  the  bottom 
surface  as  shown  on  figure  6)  produces  the  scat¬ 
tered  spectra  shown  on  figure  7. 


an  Incident  wave  from  the  top. 

The  experimentally  observed  amplitude  spec¬ 
trum  is  compared  to  calculate  values  of  the 
scattered  amplitude  as  a  function  of  frequency. 

On  figure  8A,  the  orientation  of  the  Griffith 
crack  Is  shown.  The  pulse-echo  R.F.  signal  is 
shown  on  figure  OB.  The  exncrimcntally  obtained 
amplitude  spectrum  (by  Fourier  analyzing  the  time 
domain  signal,  figure  8B)  is  compared  favorably 
to  the  theoretical  value  of  the  amplitude  spec¬ 
trum  (figure  8C).  The  comparison  between  theory 
and  experiment  is  rather  poor  for  the  case  when 
the  wave  scatters  along  the  surface  of  the  Grif¬ 
fith  crack  (figure  9).  Clearly,  the  theoretical 
calculation  has  to  include  surface  wave  generation 
in  this  case.  The  agreement  between  experiment 
and  theory  is  reasonably  good  however,  for  the 
angular  distribution  of  the  scattered  amplitude 
for  a  10  MHz  L-wave  incident  at  150°  as  shown  on 
figure  10.  Due  to  the  goemetry  of  the  sample 
only  a  limited  number  of  data  points  were  taken. 
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Fig.  8  A.  Orientation  of  the  Griffith  crack. 

B.  Scattered  time  domain  signal. 

C,  Comparison  of  experimental  and 
theoretical  amplitude  spectra. 
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Fig.  10  Comparison  between  experimental  and 

theoretical  angular  diffraction  patterns. 


Fig.  9  A.  Orientation  of  the  Griffith  crack. 

B.  Scattered  time  domain  signal. 

C.  Comparison  of  experimental  and 
theoretical  amplitude  spectrum. 
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ABSTRACT 


Deconvolution  of  echoes  scattered  by  a  surface  tends  to  give  the  response  function  to  a  Dirac  pulse 
incident  on  the  surface.  In  some  cases,  this  response  function  is  easily  related  to  the  geometry  of  the 
scatterer  and  could  be  used  to  characterize  it. 


In  practical,  the  situation  of  the  Dirac  pulse  with  Infinite  bandwidth  Is  not  realized  even  by  a 
broad  band  transducer  which  acts  as  a  band-pass  filter. 

We  propose  he^e  some  simple  arguments  to  extend  the  Fourier  spectrum  in  order  to  improve  the  results 
of  deconvolution.  Experiments  arc  performed  with  targets  consisting  either  of  small  plane  surfaces  of 
vanous  shapes  or  of  randomly  rough  surfaces.  Results  are  in  good  agreement  with  those  expected  using 
the  Kichhoff-Helmholtz  Integral. 


INTRODUCTION 

The  signal  reflected  by  a  surface  insonlfied 
by  a  very  short  ultrasonic  pulse  contains,  in  a 
rather  large  range  of  frequencies,  information  on 
the  scattering  properties  of  the  surface.  The 
study  of  the  variation  of  the  scattered  signal 
'1th  frequency  can  be  used  to  characterize  the 
targets  as,  for  example,  defects  In  metals.1*2 
Indeed,  when  the  dimensions  of  the  target  are  of 
the  came  order  of  magnitude  as  the  wavelengths  of 
the  ulirason';  w„ves,  the  scattered  signal  obeying 
the  diffraction  laws  is  a  highly  varylna  function 
of  frequency  of  which  one  can  Infer  some  dimen¬ 
sions  of  the  scatterer  (lengths  are  estimated 
within  few  percent).  The  targets  are  generally 
sma1!  and  in  t.  -.  far  field  of  the  transducers  in 
order  that  the  plane  wave  approximation  can  be 
valid. 

The  analysis  of  echoes  in  the  time  domain  s 
related  to  imaging  techniques3  and  pulse  echo 
methods  are  used  to  get  the  size  of  cracks.  The 
method.,  generally  used  are  high  frequency  tech¬ 
niques. 11  *5  For  '•’'.stance,  it  was  shown  by  Lloyd1* 
who  used  the  Treedman6  theory  on  the  mechanism  of 
echo  formation  that  one  echo  signal  is  generated 
each  time  the  ultrasonic  pules  is  Incident  on  a 
part  of  the  scattering  object  where  a  discontinu¬ 
ity  appears  in  the  solid  angle  under  which  the 
transducer  sees  the  scattering  object.  This  for- 
mul  i  'on  gives  excellent  results  at  high  frequen¬ 
cies,  when  the  dimensions  of  uie  scattering  object 
are  much  greater  than  the  ultnsonlr.  wavelength  so 
that  the  echoes  coming  from  different  discontinui¬ 
ties  are  well  separated  in  the  time  domain. 

deconvolution  of  echoes  tendc  to  extract  In¬ 
formation  of  the  whole  frequency  axis  in  a  given 
experiment.  The  method  was  proposed  by  Haines  and 
Langston7  for  surface  characterization.  It  tends 
to  recreate  the  situation  where  the  incident  pulse 
is  a  Dirac  pulse  and  where  the  transfer  function 
of  the  transducers  and  of  the  electronic  equipment 
is  a  constant. 


be  strongly  affected  by  spurious  oscillations.  We 
proposed  here  to  complement  the  frequency  range  by 
extrapolation  of  the  Fourier  amplitude  toward  zero 
frequency  and,  moreover,  to  extend  it  toward  high 
frequencies  by  connection  of  the  Fourier  complex 
amplitude  of  the  signal  given  by  a  first  trans¬ 
ducer  to  that  given  by  a  second  transducer;  the 
latter  working  In  a  higher  but  connected  frequency 
range  than  the  former. 

The  technique  proposed  here  Is  applied  to 
plane  targets  and  to  rough  surfaces  Immersed  in 
water. 

THEORY 

Plane  Targets 

We  first  assume  that  the  Incident  wave  can  be 
approximated  by  a  plane  wave  (experimentally  we 
use  a  small  target  placed  In  the  far  field  of  the 
transducer) . 

Using  the  formulation  of  Neubautr8  and 
Johnson-1  of  Kirchhoff  approximation,  the  pressure 
backscattered  by  a  rigid  surface  A  Is; 

Pr(k)  =  ^2  //  R(e)  cos  e  exp  ( -21  kz>  da  (1) 

where  a  is  a  phase  factor  depending  on  the  choice 
of  coordinates,  5  is  a  coefficient  including  the 
variation  of  the  amplitude  spectrum  of  the  inci¬ 
dent  wave  with  frequency;  da  is  an  elementary  area 
of  the  scattering  surface  witn  z  the  position  of 
the  element  da  along  the  axis  of  propagation  of 
ultrasound  Oz;  9  is  the  angle  of  Incidence  on  the 
element  da;  R(e)  is  the  reflection  coefficient  for 
the  angle  8.  For  a  smooth  plane  target  and  angle 
9  Is  constant  and  the  expression  becomes: 

p„(k)  =  ---tt--— --  //  exp(-2ikz)  da  .  (2) 

r  z*  A 


But  even  broad  band  transducers  oeiivering 
band-llmitinq  signals  cannot  give  information  on 
the  total  frequency  axis;  it  therefore  follows 
that  the  result  of  the  deconvol;-.;*on  ooeration  can 


Wr  can 
normal 
placed 


normalize  to  the  value  prQtk)  obtained  at 
Incidence  for  a  calibrated  surface  Aca1 
at  the  position  z0 
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Pro(k)  =iii^Aca1  exp(-21kz0)  (3) 

It  comes: 

Pr<k>'Pro(k)  *  ^TT-Mr  U  «*P<-21kz>  <»  • 

CS I  A 

(4) 

$  =  exp(21kzQ)  is  a  pure  phase  factor  depending  on 
the  choice  of  the  origin  of  coordinates. 

For  a  plane  surface  A  tilted  by  an  angle  9 
with  respect  to  the  ultrasonic  beam  axis,  we 
choose  the  axis  of  coordinates  0x‘  and  Oy  In  the 
plane  of  the  surface  (Fig..  1). 


Fig.  1  Scattering  geometry. 
x1  *  z/sln  a  da  =  dx'dy  =  dy  dz/sln  e 

The  Integration  for  the  variable  y  Is  straightfor¬ 
ward  and  leads  to 


F"°  '  WCT  ■  CTTfitsS  “I"'2"1*1 

1  (5) 

l(x')  Is  the  length  of  the  surface  at  abscissa  x' 
located  at  position  z  *  x‘  sin  9  along  the  direc¬ 
tion  of  propagation. 

Instead  of  using  the  space  variables,  one  can 
use  time  and  frequency7  by  writing  t  =  2z/c;  t  is 
the  time  taken  by  the  wave  to  make  twice  the  dis¬ 
tance  between  the  origin  of  coordinates  and  the 
height  z.  So  that  F(k)  becomes: 


(6) 

The  complex  value  of  F(f)  appears  to  be  propor¬ 
tional  to  the  Fourier  transform  of  the  length 
1 ( ct/2)  of  the  strip  of  the  surface  Insonlfled  by 
the  wave  at  time  t/2.  It  Is,  In  principle,  possi¬ 
ble  to  evaluate  the  shape  of  the  scatterer  by  ob¬ 
taining  1 ( ct/2 )  making  an  Inverse  Fourier  trans¬ 
form  of  (f): 


This  Inversion  supposes  that  F(f)  Is  known  on  the 
total  frequency  axis;  real  ultrasonic  equipments 
are  band  limited  so  that  if  one  uses  Instead  of 
F(f)  a  restriction  F i( f )  of  F(f)  to  a  band 
( f i ,f 2) »  it  may  appear  on  the  result  of  the  decon¬ 
volution  spurious  oscillations  which  distort  the 
signal,  the  period  of  these  oscillations  depending 
on  the  boundaries  fi  and  f2  (Appendix  A).  For  ex¬ 
ample,  we  have  simulated  on  a  computer,  the  effect 
of  the  band  limitation  when  the  Initial  signal  Is 
a  square  (duration  830  nanoseconds). 

The  Fourier  transform  of  this  signal  Is  well 
known  to  be  of  the  form  (sin  x)/x.  We  shall  as¬ 
sume  the  bandwidth  of  the  equipment  used  to  that 
of  a  square  bandpass  filter  which  cuts  off  the 
(sin  x)/x  function.  Figure  2a  shows  the  result  of 
the  Inverse  Fourier  transform  for  a  bandwidth  ex¬ 
tending  from  fi  »  0.55  MHz  to  f2  *  3.08  MHz.  The 
ratio  f 2/ f  l  -  5.6  is  approximately  that  of  a  com¬ 
mercially  available  PZT  transducer  used  In  the  far 
field  region.  Two  main  features  can  be  seen  on 
this  graph: 

1.  The  signal  has  a  zero  mean  value. 

2.  Spurious  oscillations  occur. 

The  zero  mean  value  Is  a  direct  consequence  that 
In  the  frequency  domain  the  value  of  Fi(f)  Is  zero 
at  zero  frequency.  The  oscillation  has  a  period 
corresponding  to  the  cuto'ff  frequency  f;  of  the 
filter.  We  can  Improve  the  result  by  simulating 
the  use  of  the  reunion  of  the  bandwldths  of  two 
transducers  0.7  -  3  MHz,  3  -  16.5  MHz.  The  two 
edges  of  the  square  are  more  clearly  seen  owing  to 
the  presence  of  high  frequencies  In  the  band,  but 
there  Is  still  the  slow  oscillation  due  to  the  low 
frequncy  cutoff  (Fig.  2b). 


5 


Tiat 


(b) 

Fig.  2  Compute!  simulation  of  the  result  of  band 
limitation  on  a  reconstruction  of  a  square 
signal . 

a.  Bandwidth  0.55  -  3.08  MHz, 

b.  Bandwidth  0.7  -  16.5  MHz. 
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Under  certain  approximations,  It  Is  possible  to 
calculate  the  behavior  of  the  frequency  spectrum 
In  the  low  frequency  region.  Formula  (6)  can  be 
written: 


(8) 


ti/2  and  t2/2  are  the  times  where  the  wavefront 
reaches  the  two  extreme  edges  of  the  target.  The 
first  minimum  of  the  function  |F<f)|  Is  generally 
obtained  for  a  frequency  of  the  order  of  fo  * 
l/(t2-ti).  If  the  lower  limit  of  the  band  fi  Is 
less  than  fo,  for  example  fi  =  fo/2,  the  function 
F(f)  will  be  monotonic  for  f  <  f 1 ,  and  we  can  use 
a  polynomial  expansion  of  F(f). 

Indeed,  If  we  expand  In  a  series  the  exponen¬ 
tial  In  (8)  and  If  we  limit  the  expansion  to  the 
first  three  terms,  when  2*f(t-t0)  «  1,  it  comes: 


t2 

F( f )  *  D  /  l(ct/2)[l-21wf(t-t0) 

-2*2f2(t-t0)2]  dt 
t2  t2 

*  DC/  l(ct/2)dt-21irf/  l(ct/2)(t-t  )dt 
t|  tt  0 

~2*2f*J  l{ct/2)(t-t  )2dt]r  ...  (9) 

+  0 


n  —  C  R(  e) 

0  -  2a^— fiTOTfcge  ’ 


t0,  the  time  position  of  the  reference  surface  can 
be  chosen;  we  will  take  It  so  that  the  second  In¬ 
tegral  In  the  bracket  vanishes;  Eq.  (9)  becomes: 

f  2  f  2 

F(t')  »  D[/  l(ct/2)dt-2ir2f2/  l(ct/2){t-t0)2dt]. 


It  appears  on  the  last  equation  that  the  frequency 
spectrum  Is  real  In  the  low  frequency  limit  and 
varies  paravollcally.  We  can  use  this  result  to 
reconstruct  the  low  frequency  content  on  a  real 
frequency  spectrum.  In  order  to  do  this  we  con¬ 
nect  the  lowest  frequency  point  of  the  experi¬ 
mental  spectrum  F( f i)  to  the  value: 


, -I*  _  .  R(  e)  cos  e  A 

Flf  ■ 01  • 


where  L  Is  the  maximum  length  of  the  surface  along 
Ox1.  The  condition  being  less  stringent  for  a 
surface  with  an  axis  of  symnetry  along  Oy  for 
which  the  first  term  Ignored  proportional  to  f 3  Is 
zero.  This  extrapolation  toward  low  frequencies 
has  been  made  on  the  spectra  corresponding  to 
those  of  Fig.  2.  The  results  are  plotted  on  Fig. 
3a  and  3b. 
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Fig.  3  Improvement  of  result  by  low  frequency 
extrapolation. 

a.  BW  0.5  -  3.08  MHz 

b.  BW  0.7  -  16.5  MHz 

Figure  3a  corresponds  to  the  narrower  bandwidth  of 
Fig.  2a;  the  mean  value  is  no  longer  zero  but  It 
Is  the  exact  mean  value  of  the  signal;  the  square 
shape  Is  only  distorted  by  the  highest  frequency 
cutoff  of  the  equipment  (assumed  to  be  3  MHz).  In 
Fig.  3b,  the  square  shape  of  the  target  Is  very 
closely  reproduced  in  the  time  domain;  the  only 
remaining  defect  Is  the  small  spurlus  oscillation 
at  the  highest  cutoff  frequency  (16,5  Wz). 


which  is  known  If  0  and  tne  area  A  are  known;  the 
area  A  can  be  determined  by  evaluating  at  normal 
incidence  the  ratio  of  the  scattered  pressure  by 
surface  A  to  that  scattered  by  the  calibration 
surface  Aca1.  We  will  connect  these  two  known 
values  by  a  parabola.  The  validity  of  the  ap- 
proxlmatlno  depends  on  the  lowest  frequency  ex¬ 
perimentally  available  and  on  the  length  of  the 
surface  (n  the  direction  of  the  ultrasonic  beam; 
the  following  Inequality  should  be  verified: 

2xf(t-tQ)  »  2At_s!n_ I  »  z»k  sin  e  «  l 


These  computer  simulations  show  the  usefulness 
to  complement  tho  spectrum  for  a  good  restitution 
of  shapes.  An  Important  point  1$  to  reconstruct  a 
good  phase  function.  Indeed,  when  one  connects 
the  results  of  two  transducers.  If  the  origins  of 
time  are  not  the  same  In  the  two  experiments.  It 
can  appear  a  phase  factor  difference  between  the 
two  Fourier  amplitude  that  could  cause,  if  not 
corrected,  an  Inadequate  final  result.  Likewise, 
the  phase  must  be  continuous  between  the  low  fre¬ 
quency  extrapolation  and  the  experimental  spec¬ 
trum.  If  this  last  condition  Is  not  fulfilled, 
deformation  of  the  signal  may  occur  (Fig.  4). 
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Fig.  4  Effect  of  a  discontinuity  in  the  phase 
function  at  the  low  frequency  limit. 

Rough  Surfaces 


The  method  described  above  can  also  be  applied 
to  the  study  of  randomly  rough  surfaces.  Clay"  and 
Medwln10  have  shown  that  the  probability  function 
of  heights  can  be  evaluated  from  backscattered 
signals  at  normal  Incidence.  At  a  given  frequency 
f,  the  ratio  F(f)  of  the  pressure  scattered  from 
the  rough  surface  to  the  pressure  reflected  by  a 
plane  smooth  surface  is: 


4-ao 

F(f)  =  /  W(z)  exp(-21kz)  dz  .  (11) 


W(z)  is  the  probability  density  function  of 
heights  of  the  rough  surface.  By  the  same  trans¬ 
formation  as  In  plane  targets,  t  =  2z/c,  W(z) 
appears  to  be  proportional  to  the  inverse  Fourier 
transform  of  the  normalized  backscattered  signal 
F(f).  So  In  principle,  the  application  of  the  de- 
convolution  of  extended  Fourier  domain  signals  de¬ 
scribed  before  leads  to  an  evaluation  of  the  func¬ 
tion  W(z). 


EXPERIMENTAL  PROCEDURE 


Square  3  mm 
6=9.2* 


ill 

i 


i _ _  .  ii _ _ _ j 

0  15MHz  Frequency 

Fig.  6  Reconstructed  spectrum  for  a  plane 
target.  — -  LF  transducer, 

— . — HF  transducer,  ---extrapolation. 


A  block  diagram  of  the  experimental  equipment 
Is  given  in  Fig.  S.  The  transducer  Is  a  highly 
damped  PZT  ceramic.  It  Is  excited  by  a  very  short 
electrical  pulse.  The  echo  backscattered  from  the 
surface  of  the  sample  is  In  parallel  analyzed  by  a 
classical  spectrum  analyzer  and  fed  to  a  sampling 
scope.  The  output  signal  Is  then  digitized  and 
sent  to  a  minicomputer  POP  11-03  where  the  final 
signal  processing  is  achieved.  A  1024  points  In¬ 
teger  FFT  algorithm  is  used  for  this  process.  The 
backscattered  signal  is  first  divided  by  the  re¬ 
ference  signal  (reflected  by  a  small  plane  located 
at  the  same  distance  of  the  transducer).  The  re¬ 
sults  obtained  with  two  wlde-band  transducers  ex¬ 
hibiting  adjacent  bandwidth  are  connected  together 
and  the  extrapolation  towards  lower  frequencies  Is 
performed.  Then  the  Inverse  Fourier  transform  of 
the  frequency  domain  signal  obtained  Is  computed 
and  plotted. 

In  order  to  realize  approximate  plane  wave 
situation,  the  target  Is  placed  In  the  far  field 
region  of  the  transducer,  the  diameter  of  the 
transducer  being  greater  than  that  of  the  tar¬ 
get.  The  targets  studied  were  sections  of  brass 
rods,  paralleleplpedlc,  cylindrical  or  other. 

The  built-up  spectrum  for  a  square  section  Is 
plotted  In  Fig.  6.  The  spectrum  Is  made  of  three 


parts:  the  continuous  line  Is  the  result  given  by 
a  transducer;  the  part  on  the  right  Is  given  by  a 
second  transducer  and,  the  part  of  the  left  Is  ob¬ 
tained  by  the  parabolic  extrapolation.  In  Fig.  7 
the  continuous  line  is  :,e  result  of  the  deconvo¬ 
lution,  the  dashed  line  Is  the  theoretical  signal. 


Fig.  7  Deconvolved  signal  (continuous  line)  and 
theoretical  signal  (dashed  line)  for  a 
square  target. 
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In  Fig.  8,  one  can  see  the  result  of  the  de- 
convolution  for  a  rod-section  shaped  as  an  M  (con¬ 
tinuous  line);  the  dashed  line  Is  the  expected 
result. 

The  results  obtained  for  a  quasi  ellipsoidal 
section  are  plotted  In  Fig.  9.  The  ratio  between 
the  two  axis  lengths  Is  2.  Figure  9a  plots  the 
result  when  the  major  axis  Is  horizontal.  The 
amplitude  has  been  adjusted  so  that  the  maximum 
height  of  the  function  l(x')  Is  half  the  width. 

If  one  keeps  the  same  vertical  scale,  and  If  one 
conducts  the  experiment  with  the  major  axis 
vertical,  the  result  of  deconvolution  should  be 
such  that  the  height  Is  twice  the  width.  This  Is 
obtained  on  the  experimental  result  In  Fig.  9b. 


Fig.  8  Deconvolved  signal  (continuous  line)  and 
theoretical  signal  (dashed  line)  for  an  M 
shaped  target. 


Fig.  9  Deconvolved  signal  for  a  quasl-elllpsoldal 
section,  a.  Major  axis  horizontal, 
b.  Major  axis  vertical. 


The  results  obtained  for  two  samples  of  the  evalu¬ 
ation  of  the  probability  density  function  of  the 
heights  are  plotted  In  Figs.  10  and  11.  The 
dotted  lines  are  obtained  by  mechanical  measure¬ 
ments,  The  continuous  lines  are  the  results  of 
the  ultrasonic  measurements.  For  that  case  as  for 
plane  targets,  the  results  are  satisfactory. 


Fig.  10  Probability  density  function  of 
sample  01.  ---  Mechanically 

measured,  - ultrasonic  measurement. 


Fig.  11  Probability  density  function  of  sample 
1LRA.  — Mechanically  measured, 

- ultrasonic  measurement. 


CONCLUSION 


He  have  studied  the  filtering  effect  operated 
by  a  transducer  on  the  Ideal  response  function  of 
a  target  to  an  Incident.  Dirac  pulse.  The  exten¬ 
sion  of  the  frequency  bandwidth  leads  to  satisfac¬ 
tory  results.  The  method  could  be  useful  to  com¬ 
plete  existing  ones  for  characterization  of  plane 
surfaces.  This  method  could  oe  useful  for  the 
characterization  of  plane  defect  In  materials. 
First  results  In  that  direction  are  promising. 
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APPENDIX  A 

Let  h(  t)  be  a  real  function  of  time  and  F(f) 
Its  Fourier  transform: 

+  oo 

F(f)  =  /  h( t)  exp(-21*ft)  dt  (12) 


F(f)  Is  such  that  F(-f)  5  F  (f).  Let  us  call 
Fi(f)  the  function  equal  to  F(f)  between  fi  and  fz 
and  equal  to  zero  elsewhere.  Fi(f)  can  be  written 

F,  ( f )  =  F(f)[H(f+f,)-H(f+f,)+H(f.f.)-H(f-f,;j 
1  i  l  l  ^  (13) 

where 

I  0  If  f  <  0 

K(f)  = 

I  1  If  f  >  0 

The  Inverse  Fourier  transform  of  Fi.(f)  Is: 
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SUMMARY  DISCUSSION 


U.D.  Achenback,  Chairman  (Northwestern):  Let's  take  time  for  one  question.  Is  there  a  quick 
question?  Otherwise,  we'll  postpone  - 

Gordon  Kino  (Stanford):  What  was  the  center  of  the  frequency  of  the  two  transducers? 

Frederick  Cohen-Tenoudjl  (University  of  Paris):  The  low  frequency  transducer  was  centered  at  2.5 

megahertz,  the  high  frequency  transducer  was  centered  at  8  megahertz.  The  total  bandwidth  was 
approximately  from  one  megahertz  to  15  megahertz. 

Gordon  Kino:  Have  you  worked  out  the  effect  of  the  transverse  direction?  You're  working  out  shapes 
from  this,  so  It  must  depend  somehow  on  how  accurately  you  get  the  shape,  an  effect  of 
definition  -  It's  an  Imaging  system. 

Federlck  Cohen-Tenoudju:  Yes,  I  think  that  the  definition  will  be  given  by  the  relation  between  highest 
frequency  present  in  the  spectrum.  We  will  has,e  the  transverse  definition  given  by  aa  *  Am/(2 
sin  e)  where  9  Is  the  angle  of  incidence  and  Am  is  the  minimum  wavelength.  That's  what  1 
usually  see.  It  results  in  a  spread  out  on  the  edge  typical  of  the  highest  frequency 
present. 

J.D.  Achenback,  Chairman:  I'm  sure  we'll  have  to  cut  off  the  discussion  and  move  to  the  next  two  talks. 


EXACT  INVERSE  SCATTERING  THEORY 
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ABSTRACT 

The  concepts  of  reference  wave  slowness  (reciprocal  of  velocity)  and  an  associated  free  reference  space 
Green's  function  slowness  spectrum  are  introduced.  A  modified  Kirchoff  surface  integral,  containing  only  the 
imaginary  part  of  this  free  reference  space  Green's  function  slowness  spectrum,  is  formulated,  yielding  an 
integral  equation  for  the  unknown  fields  and  sources  in  the  interior  of  a  closed  surface  on  which  the 
(remotely  sensed)  fields  are  known.  A  well-posed,  analytic  closed  form  solution  of  this  integral  equation  is 
cbtained. 


INTRODUCTION 


THE  INVERSE  SCATTERING  INTEGRAL  EQUATION 


Presented  is  a  unified  approach  and  solution  to 
the  inverse  scattering  and  inverse  source  problems 
for  the  inhomogeneous  scalar  wave  equation 

V2<(>  +  ^2  ♦  =  -  p  .  (1) 
subject  to  the  constitutive  equation 


Let  G  be  the  free  reference  space  Green's  func¬ 
tion  satisfying  the  inhomegeneous  wave  equation 

»2G^G=-S  (6) 

affd-  the  Sommerfeld  radiation  condition  at  infinity, 
where  v  is  any  arbitrarily  chosen  reference  velocity. 


P  =  V  ♦ 


(2) 


Next,  let  an  effectal  field  o  be  defined  as 


and  the  homogeneous  scalar  wave  equation 

+  -  iji  =  0 


C2(X,w) 

To  this  end,  the  single  mixed  scalar  wave  equation 

in2 

V2<f>  + 


(3.) 


C2(X,<u) 


(4) 


is  introduced.  From  an  inverse  scattering  inverse 
source  perspective.  Equation  4  reduces  to  Equation  1 
if  the  medium  wave  velocity  c(x,u>)  is  a  known  con¬ 
stant  and  the  source  p  is  the  unknown,  and  Equation  4 
reduces  to  Equation  3  if  the  sources  p  are  known  to 
be  zero  and  the  medium  wave  velocity  c(x,«)  is  the 
unknown. 


It  is  argued  that  the  inverse  solution  presented 
is  an  alternative  (to  the  direct  Kirchoff)  integra¬ 
tion  of  the  wave  equation.  It  is  thus  appropriate  to 
review  some  relevant  properties  of  the  direct  Kir¬ 
choff  integration 


-  j  dv  G  p  + 


dS •  (G  -  $  VG) 


(5) 


of  the  wave  Equation  1.  Specifically,  the  surface 
integral  in  Equation  5  is  an  equivalence  statement 
relating  the  field  at  a  field  point  on  one  side  of  the 
closed  surface  produced  by  all  the  sources  on  the 
other  side  of  the  closed  surface,  via  the  fields  pro¬ 
duced  by  these  sources  on  this  closed  surface.  The 
inverse  scattering  inverse  source  problem  is,  how¬ 
ever,  characterized  by  both  the  field  point  for  the 
unknown  fields  as  well  as  all  the  unknown  sources 
being  on  the  same  side  of  the  closed  surface  (on 
which  the  remote  sensing  is  accomplished),  for  which 
situation  the  Kirchoff  surface  integral  vanishes, 
thus  rendering  this  Kirchoff  surface  integral  useless 
for  the  inverse  scattering  inverse  source  problem.  A 
modified  Kirchoff  surface  integral,  which  does  not 
suffer  from  this  pathology,  is  introduced  next. 


where 


0  dS*  u  VG^  -  G^  V«t>> 


G.  :  Itn  G 
t 


(7) 


(8) 


which,  by  Equation  6,  satisfies  the  homogeneous  wave 
equation 

V26 .  +  — 2  G  •  =  0 


By  Green's  theorem,  Equation  7  reduces  to 


J 


e  =  I  dv  (<J>  V2G.  -  G.  V2<}> ) 
1  ^  ^ 


(9) 


(10) 


which,  by  Equations  4  and  9,  reduces  to 

„»2 


e 


dv  [♦(-S2  G.)  -  G.(~— - - 

v  1  1  -  c2(r  ,u) 


J 

V 

f  f  r  “2 1 

I  dv  G.  p  +  I  dv  G .  I - —  I 

J  1  J  1  U2<X.w)  v2J 


(ID 


(12) 


[  which,  for  the  case  of  a  known  constant  medium  wave 
velocity  c,  unknown  sources  p,  and  a  reference  ve¬ 
locity  chosen  as  v=c,  reduces  to  the  earlier  inverse 
scattering  integral  equation  of  this  author 
(Ref  1)]  . 


SOLUTION  OF  THE  INTEGRAL  EQUATION 


Let  a  medium  reference  wave  slowness  a  be  intro¬ 
duced  and  defined  as 

js]  .  (13) 

The  inverse  scattering  integral  Equation  12,  in  terms 
of  this  reference  slowness,  thus  is 
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0(X#u),c)  *  I  G^(x|x',w,a)  p(x',w)  civ' 


+  j  G .  (X 

V 

r  “2 

|x'  ,w,o>  1  -  U)2  o2 

Lc2<X',(0) 

j  4> (x '  ,w) 

dv' 

(14) 

where  in  two  and  three  dimensions,  the  imaginary  part 
of  the  free  reference  space  Green's  functions  are 

G^(x |x* i ”  £  J„(u>ra) 

(15) 

and 

a  ( v  | v i  „ v  s-Lntiijro) 

b.(x  x;<o,a)  =  - - 

t  1  '  4ttz» 

(16) 

I  j  6  (X,to,q  1 
nj  o-a' 

^  sgn (wr ) 


s^rt(wr)  G^(X  |  X '  ,o),o )  p(x’,u})  dv’ 


+  C  sgniuir)  Gr(x|x' 


,(D,o)  £ 


u>2 

Cz(x'  ,1 d) 


a,2  O2 


(J>  (X 1  ,u>>  dv1 


respectively,  and  where  r5|x-x'|. 

Taking  the  Hilbert  transform  of  Equation  14  with 
respect  to  the  reference  slowness  a  yields 


1  j  d0-  -= 

„J  o-o’ 

CO 

f  i  f  do1  p(X*  ,h>)  dv 1 

Ini  0-0 ' 

"v  "  -0° 

+  flfVxlx'^  f-jg— 

JO  a-°  Lc!(x',») 

\j  —CO 

-  U)2  a'2  1  do'  *(x'  ,u>)  dv’  .  (17) 

By  Equations  15  and  16,  with  the  aid  of  References  2 
and  3,  and  twice  repeated  application  of  References  4 
and  5,  it  follows  that 

oo 

ij"  “i.o It  do  1  =  sgn( Uir)  Gr(x|x'  ,w,o) 

and 

I  f  '‘'j-R-'  1  do '  =  spn(wr)  a2  G„(x|x',m,o) 

n  J  o-o 


Restricting  Equation  22  to  positive  non-zero  frequen- 
ciesco,  permits  its  rewriting  as  the  principal  value 
integral  ( i . e. ,  excluding  integration  over  x=x' ) 

/-  — -dcr'  =  p  |  G  (X  |  X ' ,  uj,  a )  p(X',w)  dv' 

J/' 

a  p  j  G  (x|x',w,o)  I - -  uj2  o2  I  4,(X',U)  dv' 

Jv  Lc2(X',u)  J 

(23) 

Since  the  imaginary  part  of  the  free  reference  space 
Green's  function  is  not  singular  at  x=x'  ,  it  fol¬ 
lows  from  the  addition  of  Equations  14  and  23  that 
for  positive  non-zero  frequencies 


1  f  KAziUiii  d0'  +  ieix.w.o)  = 

Tf  J  O-O1 
—  00 

p  |  GCX jx ' ,w,o )  p(x' ,w)  dv’ 

•v 

+  p  I  G(X  IX '  ,<u,o  ) - cu2  o2  t'X', 

Ju  L  c2(x'  ,ui>  J 


p  I  GCX  jx ' ,w,o )  p(x' ,w)  dv’ 


in)  dv' 
(24) 


For  the  inverse  scattering  inverse  source  case  of  a 
known  constant  medium  velocity  c  and  unknown  sources 
p(i.e.,  wave  Equation  1),  Equation  24  reduces,  after 
chosing  the  reference  slowness  a  =l/c,  for  u>0  ,  to 


in  two  and  three  dimensions,  but  not  in  one  dimen¬ 
sion.  In  two  and  three  dimensions  Gr  is  the  real  part 

of  the  free  reference  space  Green's  function 


Gr(x|x'  ,ui,o)  =  J  Y0(uro) 


.  _  COS ( mro ) 

G  (X  X  .w.o)  =  * - - - 

r  1  4  TTT* 


1  r 10  o (x, uj,o 

*  J  ~ IT 

-oo  c 


do  +  i0(x,w.-)  = 


respectively. 


p  I  G(x|x' ,m,-)  p(X',ui)  dv' 


At  that  reference  slowness,  the  direct  Kirchoff  inte¬ 
gration  Equation  5  of  the  wave  Equation  1  can  be 
written  as 


if(X,u)  =  p  I  G(x|x',ui,— )  p  (x ' ,  to )  dv'  +  4>^(X,u)  , 


Thus,  with  the  aid  of  Equations  18  and  19,  Equa¬ 
tion  17  becomes 
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$(X,io)  = 


since  in  two  and  three  dimensions  the  Green's  func¬ 
tion  singularity  is  weak  and  removable,  and  the  Kir- 
choff  surface  integral  represents  the  incident  field. 
Thus,  combining  Equations  25  and  26  yields  the 
solution 


<t>(x,w) 


9(X,iu,o) 


1 

— o 
c 


do  +  ie(x,w,^) 


+  '4>^(x,u))  ,  ui>0 


(27) 


For  the  inverse  scattering  inverse  source  case  of 
known  zero  sources  and  unknown  medium  velocity 
c(x,u3)  ,  i.e.,  wave  Equation  3,  Equation  24  reduces, 
after  choosing  the  reference  slowness  0-J_  ,  for 
u>>0,  to  co 


0(X,(u,o)  . 

- j -  do  +  i9(X,iu,—  1 

-  -o  c° 

Co 


r  ,  1 

r  *2 

u2 1 

1  G(xx\w,~  ) 

- — - - 

J  C° 

V 

„ c2(x’ ,w) 

,u>)  dv1 


(28) 


A  digression  concerning  the  wave  Equation  3  is  now  in 
order.  This  wave  equation  can  be  rewritten  as 

2 

V2*  +  ^  4  =  -  Po  .  (29) 

where  the  sources  p  are  reference  sources  relative 
*0 

to  the  arbitrarily  chosen  reference  wave  velocity  cQ, 
given  by  the  relative  constitutive  equation 

Pa  =  V0  4> 

(30) 

and  the  potential  VQ  is  a  reference  potential  rela¬ 
tive  to  the  arbitrarily  chosen  reference  wave  veloc¬ 
ity  c0,  given  by 

U»2  U)2 

V  o  - - . 

C2(X,U)>  c|  (31) 

It  thus  follows  that  Equation  28  can  be  written  for 

uj>  0 


e(X,w,a>  , 

— - -  da  +  id(x»u>,~  )  - 

I  C  Q 


6(x|xfta),^  )  o0(X’,u),~  i  dv* 

Cq  Co 


(32) 


At  this  refe-ence  slowness  l/cQ,  the  direct  Kirchoff 

integration  Equation  5  of  the  wave  Equation  29  can  be 
written  as 


■/. 


G(X| 


X'.w,-  1 


P  o  iX 


dv1 


if .  (X,w,--  ) 


(33) 


since  in  two  and  three  dimensions  the  Green's  func¬ 
tion  singularity  is  weak  and  removable,  and  the  Kir- 
choff  surface  integral  represents  the  incident  field. 


Thus,  combining  Equations  32  and  33  yields  the 
(same  as  Equation  27)  solution 


f(X,u>)  = 

f  “  0(X,w,a) 

~  I  — ; -  do  +  ie<x,u,-  )  +  f.(X,w,-  ) 

7T  J  ^  Co  "k  Cq 


(34) 

The  sources,  potential,  and  medium  wave  velocities 
can  be  obtained  from  knowledge  of  the  fields  in  a 
variety  of  straightforward  manners. 

One  might  be  tempted  to  attempt  to  simplify  the 
solutions  (Equations  27  and  34)  by  applying  and  exe¬ 
cuting  analytically  the  Hilbert  transform  with  re¬ 
spect  to  the  reference  slowness  directly  on  the  sur¬ 
face  integral  definition  (Equation  7)  of  the  effectal 
field,  thus  obtaining  this  definition  in  terms  of  the 
principal  value  of  the  real  part  of  the  free  refer¬ 
ence  space  Green’s  function,  instead  or  the  imaginary 
part  of  this  free  reference  space  Green's  function. 
The  flaw  with  such  an  attempt  is  that  on  the  surface 
of  integration,  away  from  the  singular  point  of  the 
real  part  of  the  free  reference  space  Green's  func¬ 
tion,  the  principal  value  and  the  complete  singular 
real  part  of  the  free  reference  space  Green's  func¬ 
tion  are  indistinguishable  and  identical,  and  the  ap¬ 
plication  of  Green's  theorem  as  per  (Equations  7 
and  12)  will,  by  the  differentiability  and  continuity 
requirement  imposed  by  Green's  theorem,  fail  to  gene¬ 
rate  the  principal  value  of  the  real  part  of  the  free 
reference  space  Green's  function  in  the  volume  inter¬ 
ior  to  the  surface  of  integration,  which  would  have 
yielded  the  desired  solution,  but  generate  the  full 
singular  real  part  of  tha  free  reference  space 
Green's  function  in  this  interior,  which  fails  to 
yield  the  desired  solution,  and  yield  (a  slightly 
modified)  version  of  the  integral  Equation  12,  in¬ 
stead  of  its  solution. 
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SUMMARY  DISCUSSION 


J.D.  Achenbach,  Chairman  (Northwestern  University):  The  paper  Is  open  for  discussion. 

John  Richardson  (Science  Center):  The  Integrals  Involved  In  the  Weiner-Lee  transform,  In  the  case  of 

the  factor  sigma  squared  term,  are  not  absolutely  convergent;  and  even  though  there  are  ways  of 
getting  finite  answers  out,  they  are  dependent  on  particular  assumptions  that  you  make  to 
achieve  convergence  and  I  am  rather  uneasy  about  the  uniqueness  of  the  answers  that  you  get 
thereby. 

Norbert  Bojarski:  I  share  your  uneasiness.  It's  too  early.  I  don't  know. 

William  Pardee  (Science  Center):  I'm  skeptical,  or  at  least  unconvinced,  by  your  Identification  of  too 
particular  constant  by  which  Weiner-Lee  differs  from  the  Hilbert  transform  with  the  constant 
you  want  to  eliminate.  In  particular,  as  John  alluded  to,  each  Integral  to  the  Weiner-Lee 
transform  of  the  sigma  squared  term  Is  very  singular  at  the  end  points.  That  Is  where  sigma 
goes  to  Infinity  or  theta  goes  to  plus  or  minus  PI.  In  fact,  In  spite  of  the  sine  multiplying 
the  sigma  squared  sine  term  the  Integral  diverges  as  sigma,  so  they  become  Infinite  and 
oscillate  very  rapidly.  If  the  transform  has  the  value  you  desire,  then  the  sun  of  these  co¬ 
efficients  must  be  zero.  And  it  appears  that  the  terms  In  the  sum  are  order  minus  one  tc  the  N 
times  something  of  the  order  N,  which  is  a  delta  function-like  divergence.  In  your  numerical 
evaluation,  you  may  well  be  doing  something  special  at  the  very  small  test  velocities.  That  Is 
very  large  sigma  because  all  of  the  singularities  come  from  those  very  small  test  velocities. 

Norbert  Bojarski :  Let  me  answer.  First  of  all,  1  share  your  uneasiness  about  It.  Let  me  answer  in  two 

parts.  First  of  all,  If  you  look  at  that  expansion  of  the  W.F.  of  the  angle,  I  think  It's 

relatively  clear  that  the  only  term  that  can  contribute  to  the  constant  to  this  is  the  a  zero 
term.  I  realize  I  just  wanted  to  belabor  that  for  a  moment. 

William  Pardee:  We're  talking  about  constants  in  sigma.  And  not  constants  in  theta  and  they  are  not 
the  same  thing. 

Norbert  Bojarski:  It  could  very  well  be  what  I  have  done  -  let  me  pick  the  worst  possible  thing  of  what 

I  have  done.  I  have  picked  delta  x  and  delta  sigma  In  such  a  fashion  that  I  nave  succeeded  in 

throwing  away  those  parts  which  retrieve  the  delta  function. 

William  Pardee:  How  do  you  numerically  treat  those  end  points  of  the  Fourier? 

Norbert  Bojarski:  I  did  something  very  similar  in  the  numerical  part.  I  took  sigma.  The  roster  you 

saw  is  128  by  128,  so  I  took  256  points  In  sigma,  centered  them  at  the  C,  which  I  know  what  it 

Is,  and  went  out  from  there  and  thre  /  away  the  one  that  goes  to  Infinity. 

William  Pardee:  That's  the  delta  function! 

Norbert  Bojarski:  But  the  point  Is,  I  don't  care  what  the  rigor  is.  It  could  very  well  be  what  Is 
lacking  here  is  some  rigorous  proof  of  how  do  you  massage  this  numerical  Implementation  to  a 
formalism  to  make  the  delta  function  go  away.  It  may  be  that's  what's  lacking. 

William  Pardee:  It  may  turn  out  there  is  a  practical  problem  related  to  that  lack  of  rigor  In  that  the 
results  are  sensitive  to  the  details  of  how  you  treat  that. 

J.D.  Achenback,  Chairman:  I  think  further  discussion  of  this  will  have  to  take  place  at  the  coffee 
break.  Thank  you,  and  let's  now  proceed  to  the  next  talk. 
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INTRODUCTION  AND  SYNOPSIS 

In  an  inverse  scattering  problem,  the  fields  in 
the  inhomogeneous  wave  equation  are  known,  and  it  is 
desired  to  solve  for  the  source  term.  N.  N.  Bojarski 
has  recently  derived  an  Exact  Inverse  Scattering  The¬ 
ory  for  such  "inverse  source"  problems.  The  problem 
of  determining  the  generalized  refractive  index 
(i.e.,  the  complex  permeability  and  dielectric  con¬ 
stant  for  an  electromagnetic  problem,  or  the  velocity 
and  absorption  for  an  acoustic  problem)  distribution 
of  an  inhomogeneous  medium  tTom  measurements  of  the 
fields  scattered  by  the  medium  can  be  treated  using 
this  theory.  This  solution  is  applicable  to  all  re¬ 
mote  probing  problems,  and  in  particular,  to  nondes¬ 
tructive  evaluation  (NDE)  using  coherent  radiation. 

Although  this  paper  uses  scalar  notation,  all  of 
the  results  have  been  shown  to  apply  to  the  general, 
full  vector  field  and  tensor  medium  quantities.  The 
equations  applicable  to  the  electromagnetic  cases  are 
used;  however,  the  theory  and  results  apply  equally 
well  to  the  acoustic  equations. 

THE  BOJARSKI  EXACT  INVERSE  SCATTERING  THEORY 

To  provide  the  basis  for  the  treatment  of  the 
inverse  medium  problem,  this  section  presents  a  deri¬ 
vation  of  N.  N.  Bojarski's  (Refs.  1-4)  "Exact  In¬ 
verse  Scattering  Theory."  Consider  a  source  p(x)  in 
a  domain  D  bounded  by  a  surface  S.  Then  the  time 
harmonic  field,  0(x),  due  to  p(x)  is  the  solution  to 
the  inhomogeneous  wave  equation 

V20(x)  +  k 20(x)  =  -p(x),  xt'D  (1) 


where  k  =  2t r/A.  A  direct  scattering  problem  is  one  in 
which  p(x)  is  known  or  specified,  and  a  solution  for 
0  (x )  is  sought.  The  inverse  scattering  problem  is  one 
in  which  0(x)_  is  known,  and  p(x)  is  sought.  For  the 
i  erse  source  problem,  0(x)  Is  measured  over  some 
surface,  and  the  object  is  to  determine  p(x).  In 
general,  p(x)  =  Pm(.x)  +  ps ( x_) ,  where  p  is  due  to 

interaction  with  the  medium,  and  p  is  due  to  actual 

s 

sources.  If  n(x)  is  the  complex  refractive  index  of 
the  medium,  then 

Pm(x)  =  k2  [n2(x'  -  lj  0(x)  (2) 

In  most  remote  probing  problems,  P$(x)  is  known,  and 

pm(x)  is  sought  to  yield  n(x).  This  is  termed  the 

inverse  medium  problem.  If0(x)  is  specified  (as  the 
desired  field)  and  p(x)  or  n(xj  is  sought  so  as  to 
produce  that  0(^),  the  problem  is  termed  an  inverse 
synthesis  problem. 


Let  the  following  field  quantity,  0H(x),  be  de¬ 
fined:  M  “ 

0H(x)  =  j>  [s*(x-i'  )V0U'  ) 

-  0(X‘ )vg*(x-x '  )J  dS'  (3) 

where  gU)  is  the  free  space  Green's  function  and  the 
asterisk  denotes  complex  conjugation.  g  satisfies 
Equation  1  with  p(_x)  =  6(xh  0H  is  in  the  form  of  the 

Kirchoff  integral  with  g  complex  conjugated.  Note 
that  if  the  Kirchoff  integral  is  applied  to  the  field 
0(x)  on  S  and  evaluated  at  any  point  x  inside  D,  it  is 
identically  zero:  The  Kirchoff  integral  is  nonzero 
only  for  points  outside  D.  Conversely,  0^(x)  is  non¬ 
zero  only  for  points  jnside  D.  Points  outside  of  D 
are  associated  with  the  "direct  scattering  problem; 
points  inside  D  are  of  interest  for  the  inverse  scat¬ 
tering  problem.  This  topological  difference  is  the 
reason  why  direct  scattering  solutions  are  mathemati¬ 
cally  ill-posed  when  applied  to  the  inverse  scatter¬ 
ing  problem. 

It  should  also  be  noted  that  0^  is  the  mathema¬ 
tical  expression  for  the  reconstruction  obtained  from 
a  hologram  (0  in  Equation  3)  recorded  on  S.  The 
relationship  between  holography  and  inverse  scatter¬ 
ing,  along  with  an  analysis  of  the  consequences  for 
remote  probing  and  coherent  imaging  applications,  has 
been  presented  by  Stone  (Ref.  5).  0^  is,  in  general, 

known  for  inverse  problems,  since  0  is  known  ove1"  S. 
0  is  measured  over  S  for  the  inverse  source  and  med¬ 
ium  problems,  or  specified  over  S  for  the  inverse 
synthesis  problem. 

Applying  Gauss'  theorem  to  Equation  3  converts 
the  surface  integral  into  a  volume  integral: 

0H  =  J  dV(g*V2  0  -0vY)  14) 

From  Equation  1, 

V20  =  -k20  -  p  (5) 


and,  by  complex  conjugation  of  Equation  1  for  g, 

7  *  7  *  ,  . 

v  g  =  -x  g  -6  (6) 

Substitution  of  Equations  5  and  6  into  Equation  4 
gives 
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0H  =  J  dV  [g*(-k20-p)  -  </,{- k2g*  -  «)] 


|  dV  (05 -g  p) 


Ref.  9).  Quite  recently,  Stone  (Ref.  10)  has  proven 
that  a  conjecture  by  Bleistein  and  Bojarski  (Ref.  4) 
that  nonradiating  sources  are  nonphysical  is  true. 

INCOMPLETE  KNOWLEDGE  OF  0(x) 


and,  carrying  out  the  integration  over  the  delta 
function, 


H 


~<P-  j  d V  g*p 


dV  gp  +  0c 


(8) 


Direct  scattering  theory  gives  the  result  that 
4>  -  J  dV  gp  +  £  dS(gv0  -<t>vg) 

■f 


(9) 


In  Equation  8,  the  first  integral  is  just  the  super¬ 
position  integral  over  the  sources.  The  second  term 
is  the  Kirchoff  integral,  and  is  asssociated  with  the 
incident  field,  0 . .  For  the  inverse  scattering 

problem,  <p.  can  be  assumed  to  be  known  without  loss 

of  generality  (e.g.,  it  is  the  known  probing  field 
for  the  inverse  medium  case,  or  the  specified  inci¬ 
dent  field  in  the  inverse  synthesis  case). 


Equations  8  and  9  are  two  independent  simultan¬ 
eous  equations  in  two  unknowns,  0  and  p.  Substitu¬ 
tion  of  Equation  9  into  Equation  8  yields 


0H 


or 


0H(x)  =  2i  j  dV1  Img(x-x')  p(x')  +  0j(x)  (11) 

where  Im  denotes  the  imaginary  part.  Equation  11  is 
the  basic  equation  of  the  Exact  Inverse  Scattering 
Theory.  It  is  an  integral,  convolution  equation  for 
the  single  unknown,  p(x).  It  can  be  solved  by  stan¬ 
dard  deconvolution  techniques.  Quite  recently,  Bo¬ 
jarski  (Ref.  6)  has  presented  a  closed-form  solution 
to  Equation  11. 


=  J  dV  gp  -  j  dV  g*p  +  <f>. 

=Jd\l  (g  -  g*)p  +  0c 


(10) 


UNIQUENESS  OF  THE  SOLUTION 

The  uniqueness  of  the  solution  to  Equation  11 
was  first  deduced  by  Bojarski  (Refs.  2,4)  and  later 
proven  more  rigorously  be  Bleistein  and  Cohen 
(Ref.  7).  A  simpler  and  more  physically  understand¬ 
able  proof  was  presented  by  Stone  (Ref.  8).  The  re¬ 
sult  is  that  the  solution  to  Equation  11  for  the 
source,  p[x)  is  unique  if  p(x)  is  identically  zero 
outside  some  finite  domain  (i.e.,  is  of  bounded  sup¬ 
port),  has  finite  energy,  and  does  not  contain  any 
nonradiating  components.  A  nonradiating  source  is  a 
source  component  which  produces  a  field  which  is 
identically  zero  outside  a  finite  region.  Although 
the  "nonuniqueness"  associated  witii  nonradiating 
sources  has  been  somewhat  troublesome  from  a  mathe¬ 
matical  standpoint,  it  does  not  affect  the  uniqueness 
of  results  for  practical  applications  (Bojarski 


Practical  inverse  scattering  problem  measure¬ 
ments  almost  always  Involve  discrete  measurements 
over  a  limited  aperture,  as  opposed  to  the  contin¬ 
uous  measurements  over  a  closed  surface  used  in  the 
above  theory.  Mager  and  Bleistein  (Ref.  11)  have 
shown  that,  in  the  physical  optics  limit,  the  spa¬ 
tial  bandwidth  over  which  measured  data  is  known  is 
the  spatial  bandwidth  over  which  the  source  term  can 
be  determined.  A  similar  but  more  general  result 
follows  directly  from  analysis  of  the  three  dimen¬ 
sional  spatial  Fourier  transform  of  Equations  3 
and  11.  Let  v  be  the  spatial  frequency  variable, 
and  let  capital- letters  denote  the  transformed  func¬ 
tions.  For  tue  general  case,  ^(JL.)  is  known  over 

the  whole  surface  S,  and  thus  for  all  0  <_  v_  <_ 

(the  upper  bound  is  v.  rather  thanoo,  since  D,  and 
o 

thus  S,  are  of  finite  size).  Since  the  left  side  of 
the  transformed  version  of  Equation  11  is  known  for 
all  0  _<  it  follows  that  F(jv_)  is  deter¬ 
mined  over  this  range.  Now  let  0(x)  be  measured  at 
discrete  points  over  a  limited  aperture.  Then  <t>(  y  ) 
is  determined  for  y  v  <  p,,  where  these  spatial 

bandlimits  are  determined  by  the  aperture  size  and 
sample  spacing.  It  follows  from  the  transform  of 
Equation  3  that0H(_pj  is  similarly  bandlimited,  and 

from  the  transform  of  Equation  11  that  P  (ju_)  can  be 
determined  over  this  band  of  spatial  frequencies.  It 
has  been  shown  by  Stone  (Ref.  12)  tr.at,  for  coherent 
inverse  scattering,  the  spatial  resolution, "obtain- 
able  with  a  measurement  aperture  of  given  size,  may 
be  significantly  greater  than  that  predicted  by  clas¬ 
sical  incoherent  diffraction  theory. 


THE  EFFECTS  OF  NOISY  MEASUREMENTS  (REF.  13) 

The  effects  of  measurement  noise  on  the  recon¬ 
structed  refractive  index  can  be  seen  by  writing 
0^(x)  =  0^(x)  +  0N(x)»  where  0^(x)  contains  a  con¬ 
tribution  due  to  noise.  It  follows,  using  Equa¬ 
tion  11,  that  this  is  equivalent  to  a  source  term 
p(x)  +  PN(x),  where  p(x)  is  the  true  source  and 

PN(x)  contains  the  effect  of  the  noise.  From  this 

it  can  be  seen  that  the  signal-to-noise  ratio  of  the 
solution  is  the  signal-to-noise  ratio  of  0H(x). 

Since  0^(xj  depends  on  the  integral  over  the  mea¬ 
surement  surface  of  the  measured  field  values  (Equa¬ 
tion  3),  the  signal-to-noise  ratio  of  0H(x)  [and 

thus  of  p(xj]  is  not  greater  than  (and  may  be  less 
than)  the  signal-to-noise  ratio  of  the  measured 
data.  This  has  been  confirmed  by  numerical  experi¬ 
ments.  It  should  also  be  mentioned  that  in  addition 
to  being  numerically  well-posed,  the  solution  can  be 
implemented  in  an  extremely  efficient  form.  This 
permits  addressing  problems  heretofore  impractical 
because  of  computational  effort  or  storage 
limitations. 


THE  INVERSE  MEDIUM  PROBLEM 

Based  on  the  above  theory,  the  NDE  inverse  med¬ 
ium  problem  can  be  solved  by  the  following  steps: 
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A.  Compute  0^(x),  using  the  measured  field  val¬ 
ues  in  Equation  3  (note  that  the  surface  of 
integration,  S,  is  the  measurement 
surface) . 

B.  Solve  Equation  11  for  p(x),  using  0H(x)  from 
A  and  the  known  incident  field, 

C.  Compute  the  total  field,  <t>(x),  from  the  di¬ 
rect  scattering  result,  Equation  9,  using 
p(x)  from  B. 

D.  Solve  Equation  2  for  the  desired  complex  re¬ 
fractive  index,  n(x),  using  p(x }  from  B  and 
0(x)  from  C, 

Note  that  for  the  inverse  source  problem,  only 
steps  A  and  B  are  required.  However,  for  the  inverse 
medium  problem  it  is  necessary  to  carry  out  steps  C 
and  D  in  addition.  The  solution  to  the  direct  scat¬ 
tering  problem  (step  C)  is  a  necessary  step  in  solv¬ 
ing  the  inverse  medium  problem.  It  is  important  to 
emphasize  that  the  computations  involved  in  steps  A 
ttirough  C  are  all  convolution  integrals:  They  can  be 
carried  out  using  fast  fourier  transform  techniques. 
As  a  result,  computation  time  and  storage  require¬ 
ments  are  proportional  to  N  log2N,  where  N  is  the 

number  of  data  points.  Step  0  is  an  algebraic 
operation. 

THE  SYNTHESIS  PROBLEM 

There  is  very  close  relationship  between  the 
synthesis  problem  and  the  inverse  medium  problem.  In 
the  inverse  medium  problem  a  known  probing  (incident) 
field  is  used,  and  the  scattered  field  is  measured. 
This  data  is  sufficient  to  obtain  a  unique  solution 
for  n(x),  using  the  four  steps  in  the  previous  sec¬ 
tion.  In  the  synthesis  problem,  a  specified  incident 
field  and  a  desired  scattered  field  are  chosen,  and 
the  n(x)  required  to  produce  this  scattered  field  is 
sought.  If  there  are  no  constraints  (other  than 
physical  realizability)  on  the  desired  n(x),  the  same 
four  steps  in  the  previous  section  wilT  solve  the 
synthesis  problem.  If  there  are  constraints  (e.g.,  a 
desired  range  of  values  for  n(x),  etc.),  it  is  neces¬ 
sary  to  regularize  the  solution  to  these  constraints. 

A  CLOSED-FORM  SOLUTION  TO  THE  SYNTHESIS  PROBLEM 

The  author  has  carried  the  solution  to  the  syn¬ 
thesis  problem  one  step  further.  The  result  is  a 
closed-form,  exact  solution  for  the  desired  refrac¬ 
tive  index  distribution.  Let  T  denote  the  desired 
relationship  between  the  incident  field,  <p^(x),  and 

the  scattered  field,  <j^(x).  T  can  be  a  function,  an 

operator,  or,  in  the  most  general  case,  any  desired 
algorithm.  The  only  requirement  is  that  the  opera¬ 
tion  of  T  on  <pj  (denoted  T <p-)  res"lt  in  a  field  which 

is  a  valid  solution  of  the  inhomogeneous  wave  equa¬ 
tion.  Thus, 


<t>s  =  T0i  (IZ) 

By  definition,  the  total  field,  <p,  is  the  sum  of  the 
incident  and  scattered  fields: 


4>  *  tft  +  <t>s  (13) 


Substituting  Equation  12  into  Equation  13, 


*  =  (1  *  T)  0.  (14) 


Using  convolution  notation.  Equation  9,  the  direct 
scattering  result,  gives 


0  =  P*g  +  (15) 


The  source  term,  p,  is  related  to  <p  and  n(x)  by  the 
constitutive  Equation  2.  Substituting  Equation  2 
for  p  and  Equation  14  for  <p  into  Equation  15  yields 

(1  +  T)*;  ■  [k2(n2-l)(l+T)gli]  *g  +  <t>.  (16} 

After  some  algebra.  Equation  16  can  be  solved  for  n: 

n2(x)  =  {k2  [1+T]  I'1  [S'1  {U>  ,/g  }]  +  1  (17) 

where  the  tilde  indicates  the  three  dimensional  spa¬ 
tial  Fourier  transform,  and  denutes  the  inverse 
transform. 

Equation  17  is  a  closed-form  solution  to  the 
synthesis  problem.  Furthermore,  it  is  very  attrac¬ 
tive  from  the  system  designer's  standpoint.  The  de¬ 
signer  need  only  specify  the  desired  input  field  to 
output  field  transformation,  T,  and  Equation  17  pro¬ 
vides  the  complex  refractive  index  distribution  which 
will  produce  that  transformation.  From  the  Exact 
Inverse  Scattering  Theory  it  can  readily  be  shown 
that  Equation  17  is  numerically  stable.  Furthermore, 
it  can  be  evaluated  with  great  efficiency  using  fast 
Fourier  transform  techniques.  It  is  also  readily 
ameanable  to  regularization  for  the  purpose  of  incor¬ 
porating  design  constraints.  Finally,  the  solution 
of  Equation  17  is  unique,  and  lias  the  same  behavior 
with  respect  to  noise  and  incomplete  measurements  as 
discussed  in  the  sections  above. 

A  CLOSED-FORM  SOLUTION  TO  THE  NDE 
REMOTE  PROBING  PROBLEM 

Let  be  the  known  incident  field  in  a  remote 
probing  problem,  and  let  <p  be  the  measured,  scat¬ 
tered  field.  Then  the  operator  T,  defined  in  Equa¬ 
tion  12,  can  be  determined,  and  Equation  17  is  a 
closed-form  solution  to  the  remote  probing  problem. 

Unfortunately,  this  involves  a  hidden  approxi¬ 
mation.  The  field  measured  is  usually  the  total 
field,  <t>,  -  not  just  the  scattered  field,  $s  -  over 

some  surface.  Obtaining  <ps  throughout  the  volume 

from  0  over  a  surface  can  be  as  complex  as  solving  the 
inverse  medium  problem.  However,  under  certain  con¬ 
ditions,  the  approximation  of  <p%  throughout  the  vol¬ 
ume  by  as  determined  by  Equation  3,  may  be  ade¬ 
quate.  Where  such  an  approximation  is  good,  Equa¬ 
tion  17  provides  a  closed-form  solution  to  the  remote 
probing  problem.  A  discussion  of  the  conditions  and 
implications  associated  with  such  an  approximation 
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has  been  given  by  Stone  (Ref.  5).  Note  that  no  ap¬ 
proximation  is  involved  in  the  closed-form  solution 
of  the  above  section  for  the  synthesis  problem:  A 
designer  has  the  freedom  to  specify  <ps-  Indeed,  this 

is  usually  the  desired  quantity  for  specification. 

SOME  COMMENTS  ABOUT  "STANDARD"  APPROACHES 
TO  THE  SYNTHESIS  PROBLEM 

The  synthesis  problem  is  usually  approached 
using  direct  scattering  techniques.  As  discussed  in 
the  second  session,  this  approach  is  inherently  ill- 
posed.  An  initial  guess  at  the  solution  fn(x)]  is 
made,  a  direct  scattering  analysis  is  carried  out  to 
obtain  the  scattered  field,  and  this  sequence  is 
iterated,  changing  the  n(x)  in  an  attempt  to  mini¬ 
mize  the  difference  between  the  computed  and  desired 
scattered  fields.  Ray  tracing  is  the  most  comon 
direct  scattering  technique  employed.  There  are 
many  very  important  reasons  for  not  using  such  syn¬ 
thesis  methods:  They  are  iterative,  with  no  guaran¬ 
tee  of  the  nature  or  rate  of  convergence;  they  are 
mathematically  and  numerically  ill-posed;  they  re¬ 
quire  the  designer  to  specify  an  optimization  cri¬ 
terion  which  is  usually  not  related  to  desired  de¬ 
sign  requirements;  and  (in  the  case  of  ray  tracing) 
they  are  only  applicable  where  the  geometrical  optics 
approximation  is  valid.  The  previous  two  sections 
present  two  solutions  which  eliminate  all  of  these 
objections.  However,  it  is  also  important  to  rea¬ 
lize  that  the  inverse  scattering  approaches  are  many 
powers  of  10  more  efficient  than  standard  tech¬ 
niques.  One  example  from  optical  system  synthesis 
will  suffice  to  demonstrate  this.  Using  the  inverse 
scattering  techniques,  computation  of  n(x)  for 
200,000  complex  values  requires  of  the  order  of  one 
second  using  a  10  year  old  minicomputer  with  an  EFT 
processing  board.  A  state-of-the-art  ray  trace  de¬ 
sign  program  can,  at  best,  compute  4,000  field  val¬ 
ues  through  one  element  of  a  guessed  n(x)  per  itera¬ 
tion  in  one  second,  using  state-of-the-art,  special 
purpose  hardware  (faster  than  a  CDC  7600  or  an 
IBM  360/195)  -  and  several  thousand  iterations  are 
commonly  required. 

CONCLUSIONS 

The  following  conclusions  can  be  drawn  from 
this  work: 

A.  Inverse  scattering  p-oblems  fall  into 
three  classes:  Inverse  source,  inverse 
medium,  and  synthesis  problems.  NOE  is  an 
inverse  medium  problem. 

B.  The  Bojarski  Exact  Inverse  Scattering  The¬ 
ory  provides  solutions  to  all  three  of 
these  problems,  and  in  particular,  to  the 
inverse  medium  and  synthesis  problems. 

C.  An  exact,  closed-form  solution  to  the  syn¬ 
thesis  problem  has  been  presented  in  this 
paper. 

D.  As  shown  elsewhere,  the  solutions  of  B  and 
C  are  unique,  well-posed,  insensitive  to 
noisy  measurements,  applicable  with  incom¬ 
plete  data,  and  computationally  efficient. 

E.  In  addition,  the  closed-form  solution  to 
the  synthesis  problem,  presented  in  this 
paper,  provides  a  closed-form  solution  to 
the  NDE  remote  probing  (inverse  medium) 
problem.  However,  the  application  to  the 


remote  probing  problem  involves  an  approx¬ 
imation,  the  effects  of  which  have  been 
treated  in  detail  elsewhere. 

F.  The  approaches  to  the  synthesis  problem 
presented  here  are  both  exact  and  many 
powers  of  10  more  efficient  than  standard 
ray  tracing  techniques. 
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SUMMARY  DISCUSSION 


James  Gubernatis  (Los  Alamos  Scientific  Laboratory):  Where  are  your  calculations? 

Ross  Stone  (IRT  Corporation):  You're  going  to  see  some  calculations  in  the  two  papers  that  follow.  I 
don't  have  any  with  me  here.  There  are  several  applications  that  this  has  been  applied  to. 

The  ones  I  have  been  most  Interested  in  have  had  to  do  with  inhomogeneous  media.  In 
particular,  I  have  several  calculations  that  show  the  reconstruction  of  lens-like 
deformities.  I  don't  have  them  with  me.  I  will  send  you  a  copy. 

A.  Nayfeh  (Systems  Research  Laboratories):  How  would  you  know  the  shape  and  make-up  of  the 
difference?  There  is  something  there,  but  the  make-up  - 

Ross  Stone:  The  data  appears  as  a  surface  Integral,  a  Klrchhoff-like  Integral.  In  fact,  it  Involves 
convolution  with  the  conjugate  of  the  Green's  function.  The  defect  Itself  appears  exclusively 
in  the  source  term  RHO  and  you  are  able  to  recover  that  source  term  by  solving  the  convolution 
equation.  So,  no,  you  do  not  recover  the  integral  of  that  source  term  RHO.  You  recover  RHO 
and  from  that  you  can  solve,  algebraically,  for  the  defect. 

Volker  Schmitz  (Battelle  Northwest):  Does  the  theory  you  developed  still  work  when  the  wavelength  is 
comparable  to  the  size  of  the  defects? 

Ross  Stone:  Thank  you.  The  name  of  this  session  is  "Short  Wavelength,"  and  that  is  a  very  good 

point.  Yes,  it  does  still  work.  The  effect  of  wavelength  in  comparison  to  the  size  of  the 
defect  is  to  determine  resolution  In  the  reconstruction,  but  it  does  not  eliminate  the 
possibility  of  reconstruction.  And  Indeed,  you  will  get  useful  information  out  of 
reconstructions  when  the  wavelength  is  on  the  order  of  the  size  of  the  defect. 

Gordon  Kino  (Stanford  University):  You  referred  to  the  fact  you  could  get  super  resolution,  essentially 
by  a  definition  of  phase,  which  I  would  agree.  But  in  practice  doesn't  this  really  mean  that 
you  are  back  to  saying,  "I  must  have  a  continuous  reading  over  th  region  of  interest." 
Otherwise,  you  have  a  finite  sampling,  and  essentially  you're  going  to  get  - 

Ross  Stone:  If  you  know  what  your  sampling  interval  is,  you  can  remove  that  effect.  First  of  all,  I 
have  recorded  and  reconstructed  three-dimensional  images  of  the  ionisphere  at  radio 
wavelengths.  I  noticed  in  the  reconstruction  that  my  resolution  was  considerably  better  that 
what  would  have  been  predicted  based  on  a  Rayleigh  criteria  and  my  sampling.  I  then  went  back 
to  the  theory  and  the  computer,  and  I  was  able  to  derive  analytically  and  simulate  on  the 
computer  precisely  the  result  I  alluded  to  there,  that  the  signal-to-noise  ratio  determines 
your  ability  to  measure  phase.  If  you  can  measure  phase  significantly  better  than  within  two 
PI  radians,  which  likewise  implies  you  have  a  relatively  high  signal-to-noise  ratio,  then  you 
can  Indeed  achieve  a  resolution  significantly  better  than  the  Rayleigh  resolution  in  spite  of 
your  sampling. 

As  one  example,  I  plugged  in  a  15  db  signal -to-nolse  ratio,  reconstructed  the  impulse  response 
on  the  aperture,  where  the  Rayleigh  criterion  said  the  impulse  response,  for  the  distance  over 
which  I  was  doing  the  reconstruction  should  have  been  the  size  of  the  aperture  and,  in  fact, 
the  response  half  width  was  1 /20th  of  the  size  of  the  aperture,  exactly  as  predicted  by  the 
theory. 

J.D.  Achenbach,  Chairman:  Thank  you.  We  now  have  to  move  on  to  the  next  talk. 
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DIRECT  INVERSION  IN  COMPLEX  GEOMETRIES 


Jack  K.  Cohen  and  Norman  Bleistein 
Denver  Applied  Analytics 
Denver,  Colorado  80222 


ABSTRACT 

Progress  on  the  POFFIS  high  frequency  flow  imaging  method  is  describe  .  Both  theoretical  and  exper¬ 
imental  advances  have  occurred  during  the  current  year.  Some  success  was  ceMeved  at  imaging  an  off-axis 
trailer  hitch  flaw.  However,  the  issue  of  variable  speed  was  not  completely  resolved  and  research  on  this 
issue  will  continue. 

INTRODUCTION 


The  objective  of  our  research  is  to  develop  a 
production  line  technique  for  imaging  flaws  in  sol¬ 
ids.  During  our  first  year  of  support  we  adapted 
an  appropriate  portion  of  our  high  frequency  inver¬ 
sion  theory,  originally  developed  for  applications 
in  geophysics,  to  the  situation  encountered  in  non¬ 
destructive  evaluation.  The  computer  algorithm 
developed  for  this  purpose  produced  both  an  image 
of  the  flaw  structure  and  an  estimate  of  its  re¬ 
flection  coefficient.  The  theory  for  this  algo¬ 
rithm  was  based  on  reproducing  a  band-limited  ver¬ 
sion  of  the  characteristic  function(s)  of  the 
flaw(s)  in  an  otherwise  homogeneous  body  with  known 
external  geometry.  Below,  we  refer  to  this  theory 
by  the  acronym  POFFIS  (Physical  Optics  Far  Meld 
Xnverse  Scattering).  We  have  ascertained  that  the 
particular  family  of  observation  directions  used 
had  a  profound  influence  on  the  quality  of  the  in¬ 
version  obtained.  Thus,  during  this  first  year,  we 
established  a  suitable  (and  probably  near  optimal) 
family  of  observation  angles  given  the  total  num¬ 
ber  of  observations  to  be  made  in  a  given  viewing 
aperture. 

Early  researches  in  inversion  problems  made  it 
clear  that  while  direct  estimation  of  the  charac¬ 
teristic  function  from  band-limited  high  frequency 
data  produces  a  rather  fuzzy  image  of  inhomogene¬ 
ities,  [l  -  6j  a  derivative  of  the  characteristic 
function  (being  more  singular)  is  much  more  amen¬ 
able  to  reproduction  by  such  data.  A  series  of 
papers  by  us,  our  associates  and  others  [3,  7-ll] 
had  established  the  theoretical  base  for  extracting 
such  derivative  information  from  aperture  limited, 
i.e.,  band-limited  and  aspect-angle-limited  data, 
in  a  stable  manner.  In  the  final  computer  imple¬ 
mentation,  the  boundary  of  a  flaw  is  displayed  as 
the  peak  of  a  sinc-like  function  and  the  amplitude 
of  this  peak  is  in  known  proportion  to  the  reflec¬ 
tion  coefficient. 

At  the  end  of  our  first  support  year,  [12]  a 
series  of  tests  were  performed  by  Richard  Elsley  at 
Rockwell.  These  tests  established,  to  the  satis¬ 
faction  of  our  sponsors,  that  our  inversion  method 
(as  implemented  in  a  FORTRAN  code  delivered  to 
Rockwell)  was  extremely  stable  even  in  the  face  of 
a  paucity  of  viewing  angles  of  observation  and 
lower  than  desirable  frequency  range.  These  tests 
also  indicated,  in  a  preliminary  manner,  stability 
and  robustness  of  the  method  when  applied  to  lab¬ 
oratory  data. 


The  nondestructive  testing  environment  has 
many  features  which  distinguish  it  from  the  geo¬ 
physical  environment  and,  after  our  initial  success 
of  designing  a  stable  inversion  algorithm  in  the 
first  year,  the  second  and  third  years  have  been 
devoted  to  improving  our  inversion  method  to  take 
account  of  these  features. 

In  the  geophysical  case,  the  layers  are  more 
or  less  horizontal.  Consequently,  the  vertical  de¬ 
rivative  of  the  characteristic  function  provides 
adequate  surface  definition  for  this  environment. 

In  the  NDE  case,  howpver,  the  orientation  of  the 
flaw  boundaries  is  totally  unknown.  Since  a  direc¬ 
tional  derivative  involves  the  cosine  of  the  angle 
between  a  surface  tangent  of  the  flaw  and  the 
observation  direction,  the  indicating  peak  of  the 
sinc-like  function  is  masked  in  observation  direc¬ 
tions  which  are  nearly  tangent  to  the  flaw.  Al¬ 
though  the  wide  aperture  of  angles  sometimes  avail¬ 
able  to  the  experimenter  would  compensate  to  some 
extent  for  this  defect  of  the  inversion  scheme,  it 
was  clearly  desirable  to  extend  the  theory  and 
implementation  to  remove  this  defect,  if  possible. 

A  major  accomplishment  of  our  second  year  in  the 
program  was  to  do  just  this.  In  essence,  the  idea 
behind  this  improvement  was  to  find  an  algorithm 
that  directly  produces  the  surface  of  a  flaw, 
rather  than  its  characteristic  function.  This 
direct  imaging  of  the  surface  function  (the  "sin¬ 
gular  function"  of  the  surface)  obviates  the  neces¬ 
sity  for  choosing  a  fixed  derivative  direction.  [13] 
This  is  particularly  desirable  in  the  NDE  environ¬ 
ment,  where  such  a  fixed  direction  has  no  intrinsic 
relation  to  the  problem. 

An  extra  benefit  of  this  theoretical  advance 
was  that  it  eliminated  the  need  to  compensate  for 
the  direction  cosine1  factor  in  deriving  reflection 
coefficient  estimates. 

Toward  the  end  of  the  second  support  year,  we 
received  laboratory  data  to  test  the  new  algorithm. 
At  this  time,  we  discovered  several  additional  fea¬ 
tures  of  nondestructive  testing  data.  The  most 
salient  of  these  are  the  gradual  velocity  changes 
from  one  direction  of  observation  to  another  and 
the  gradual  variations  in  the  geometry  of  the 
observation  surface. 

At  the  end  of  the  second  year,  we  aealt  with 
these  matters  by  employing  measurements  made  on  a 
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second  test  object  of  similar  manufacture  with  a 
known  flaw  geometry.  This  procedure  was  clearly 
inaccurate  and  not  general izable  to  production  line 
testing.  Nonetheless,  it  sufficed  to  remove  the 
principal  variations  in  surface  geometry  and  veloc¬ 
ity  and  thus  provide  a  preliminary  test  of  the  new 
"singular  function"  algorithm.  The  reproduction  of 
the  "unknown"  flaw  geometry  (dimensions  on  the 
order  of  600  microns)  was  quite  adequate  and  thus 
encouraged  us  to  pursue  more  suitable  means  of 
dealing  with  these  variations.  [14] 

THEORETICAL  RESULTS 

Clearly,  if  the  surface  geometry  is  unknown  to 
an  extent  comparable  to  the  flaw  sizes  we  seek  to 
detect,  a  complete  and  accurate  reproduction  of  the 
flaw  is  impossible.  One  way  to  overcome  this 
shortcoming  is  to  use  low  frequency  back  face  re¬ 
flections  to  establish  a  coordinate  system.  An¬ 
other  idea  is  to  develop  direct  methods  for  measur¬ 
ing  the  surface  geometry  of  the  test  object  to  the 
necessary  accuracy.  The  program  has  the  issue  of 
surface  geometry  before  it  for  future  research. 

During  the  first  quarter  of  the  present  sup¬ 
port  year,  we  examined  the  question  of  estimating 
the  velocity  variations.  In  the  experiment  of  the 
second  year,  these  variations  with  direction  were 
observed  to  be  as  much  as  2%  ■  Since  the  probing 
signal  travels  great  distances  relative  to  the 
diameter  of  flaws  we  must  resolve,  this  seemingly 
small  variation  can  have  an  effect  which  is  the 
order  of  the  entire  flaw  size.  It  is  not  clear 
whether  real  world  objects  would  have  as  great  a 
velocity  variation  as  the  test  objects  (which  are 
subjected  to  great  pressure  during  their  manufac¬ 
ture),  but  nonetheless  it  seems  likely  that  signif¬ 
icant  velocity  variations  will  occur.  Thus,  both 
we  and  our  sponsors  agreed  that  compensation  for 
velocity  variations  should  be  the  prime  focus  of 
our  research. 

While  the  problem  of  detecting  sharp  velocity 
changes  such  as  occr  at  a  flaw  boundary  of  suffic¬ 
ient  contrast  has  been  adequately  resolved,  the 
general  question  of  detecting  gradual  large  scale 
changes  is  more  difficult.  We  have  derived  an 
integral  equation  whose  unknown  is  the  desired  ve¬ 
locity  variation,  but  its  accurate  numerical  inver¬ 
sion  in  a  three  dimensional  setting  presents  both 
mathematical  and  technological  difficulties  not  yet 
resolved.  However,  the  flaw  imaging  algorithm,  as 
now  constituted,  requires  only  the  average  velocity 
between  the  source  entry  point  and  the  flaw  reflec¬ 
tion.  Thus,  detailed,  pointwise,  velocity  deter¬ 
mination  is  not  essential  to  the  problem  of  flaw 
description. 

At  present,  we  have  not  investigated  the  pos¬ 
sibility  of  determining  the  requisite  average  ve¬ 
locities  from  the  full  integral  equation.  Our 
first  approach  has  been  to  attempt  to  determine  a 
radial  velocity  in  each  observation  direction. 

That  is,  we  seek  a  one-dimensional  scheme  which 
will  produce  corrected  average  velocities  for  our 
three  dimensional  flaw  inversion  algorithm.  Al- 
thouah  not  a  perfect  solution,  these  corrections 
should  reduce  the  inaccuracies  considerably.  De¬ 
pending  on  the  performance  of  these  one-dimensional 
corrections,  we  will  later  decide  whether  the 
question  of  three-dimensional  corrections  should  be 
pursuec,  in  this  problem. 


All  methods  for  determining  the  large  scale 
velocity  variations  require  wide-band  data;  in 
particular,  low  frequency  data.  During  the  first 
half  of  this  year,  we  considered  five  possible 
methods  of  approximately  determining  these  varia¬ 
tions.  The  first  three  methods  use  only  a  narrow 
band  in  the  low  frequency  regime.  It  is  a  well 
developed  portion  of  the  Rockwell  program,  due  to 
Elsley,  et  al.,  to  measure  centroid  location  and 
higher  moments  of  the  flaw  geometry  by  using  low 
frequency  methods.  We  had  hoped  that  these  mea¬ 
surements  could  be  made  on  the  same  test  object  for 
which  we  received  data  and  at  the  same  angles  as 
the  high  frequency  data  supplied  to  us.  It  became 
apparent,  however,  that  due  to  the  other  demands 
made  on  the  low  frequency  group  at  Rockwell,  the 
centroid  determinations  could  not  be  accomplished 
in  a  timely  manner.  We  hope  that  the  Elsley  method 
will  be  used  to  determine  the  centroid  location  in 
the  near  future. 

So  as  not  to  delay  our  portion  of  the  program, 
we  developed  three  methods  of  a  similar  type  to 
Elsley's.  The  first  of  these  is  to  use  the  peak 
obtained  by  inverse  Fourier  transforming  the  obser¬ 
vations  after  applying  a  low  cut  digital  filter  and 
source  signature  deconvolution.  The  idea  behind 
this  is  that  at  low  frequency  the  flaw  acts  like  a 
point  located  at  its  centroid.  From  this  measure¬ 
ment  and  a  determination  of  the  elapsed  time  be¬ 
tween  signal  entry  into  the  medium  and  signal  re¬ 
flection,  an  average  velocity  in  each  direction  is 
determined. 

Our  second  low  frequency  approach  is  to  use 
the  same  centroid  measurement  to  determine  an  arti¬ 
ficial  time  origin  for  each  observation  which,  in 
effect,  places  the  flaw  center  (centroid)  at  the 
center  of  an  artificial  sphere.  Thus,  this  method 
involves  translation  of  each  observation,  while  the 
first  involves  a  stretching  of  each  observation. 

The  third  method  we  developed  involves  using 
wide-band  measurements  to  determine  a  one-dimen¬ 
sional  velocity  variation  profile  in  each  obser¬ 
vation  direction.  An  analogous  algorithm  for  the 
geophysical  case  had  already  beer,  developed  by  us, 
so  it  only  remained  to  compute  the  average  varia¬ 
tion  and  construct  a  computer  code. 

The  fourth  method  we  are  considering  is  the 
use  of  the  back  face  reflection.  This  information 
is  simple  to  use  only  for  simple  geometries  such  as 
the  "trailer  hitch"  titanium  spheres  wnich  are  the 
initial  object  of  our  investigations.  Nonetheless, 
at  this  stage  of  the  research  this  information  is 
important  as  a  check  on  the  other  methods  and 
possibly  for  providing  calibrations. 

A  final  theoretical  achievement  of  the  current 
support  year  was  the  development  of  an  algorithm 
for  obtaining  flaw  descriptions  of  a  body  immersed 
in  a  fluid  bath.  This  algorithm  requires  as  data 
the  responses  from  the  test  object  to  a  family  of 
plane  wave  probes.  It  thus  has  the  disadvantage  of 
requiring  a  large  amount  of  data  and  subsequent 
computer  manipulation  of  that  data.  We  hope  to 
find  other  algorithms  for  this  configuration  which 
make  less  demand  on  the  experimetns  and  on  the  com¬ 
puter. 
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THE  EXPERIMENT 


Recently,  Dr.  James  Martin  collected  an  ex¬ 
tensive  set  of  data  on  a  trai ler-hitch  sample  con¬ 
taining  an  oblate  ellipsoidal  flaw  of  revolution 
whose  axes  are  800  microns  and  400  microns  (30  mils 
and  15  mils).  To  provide  a  more  realistic  test  of 
of  the  P0FFIS  algorithm,  we  had  requested  and  Dr. 
Martin  carried  out  an  equipment  modification  which 
allowed  tilting  of  the  titanium  sphere.  Since  the 
flow  was  originally  machined  with  axes  respectively 
normal  and  parallel  to  the  mounting,  this  new  flex¬ 
ibility  allowed  for  the  more  realistic  case  of  a 
flaw  orientation  whose  axes  did  not  coincide  with 
the  axes  of  the  observation  system. 

The  inversion  scheme  is  based  on  a  partition 
of  the  unit  sphere  into  M  latitudes  and  2  •  M 
longitudes,  which  are  optimally  spaced  for  stabil¬ 
ity  of  the  scheme.  In  practice  only  a  subset  of 
the  2  •  M?  observation  will  be  available  and 
indeed  the  P0FFIS  algorithm  was  successfully 
tested  last  year  [14]  using  observations  taken 
only  an  octant  of  the  surface.  In  the  current  set 
of  experiments,  we  have  selected  M  ••  7  and  thus 
a  full  set  of  observations  would  total  98.  The 
mounting  of  the  trailer  hitch  prevents  data  collec¬ 
tion  on  the  southern  most  latitude  so  the  total 
feasible  number  of  observations  is  84.  Since  the 
"limited  aperture"  aspect  of  the  algorithm  is  no 
longer  in  question,  it  was  decided  to  collect  data 
at  all  84  feasible  locations.  Dr.  Martin  took  two 
sets  of  data  .it  these  locations.  One  was  made  with 
a  5MHZ,  V  transducer  ("high"  frequency  data)  while 
the  other  was  made  with  a  2L  MHZ,  V  transducer 
("low"  frequency  data).  In  order  to  obtain  reflec¬ 
tion  coefficient  estimates,  the  high  frequency  data 
must  be  deconvolved  with  respect  to  the  source 
signature.  To  obtain  this  signature,  an  additional 
observation  was  made  for  each  transducer  on  a 
hemisphere.  Finally,  a  small  number  of  lines  were 
taken  with  other  transducers. 

ANALYSIS 

The  analysis  began  with  the  signature  decon¬ 
volution  of  the  high  frequency  data.  This  provides 
the  primary  input  data  for  the  inversion  algorithm. 
Since  it  is  known  that  the  internal  structure  of 
the  test  object  contains  only  a  single  flaw,  the 
deconvolved  signals  should  be  constant  in  magnitude 
and  linear  in  phase  within  the  frequency  band  of 
adequate  signal -to-noise  ratio.  We  did,  indeed, 
obtain  such  a  result  in  the  hand  1.9  -  11.0  MHZ  . 
The  lower  valut  corresponds  to  a  "ka"  range  of  .8 
to  1.6  as  we  move  around  the  ellipsoid.  Since 
the  inversion  algorithm  assumes  high  frequency 
data,  we  applied  an  additional  low  cut  digital 
filter  and  used  only  the  band  4.3  -  11.0  MHZ  (ka 
from  1.8  to  3.6  for  the  lower  value).  It  was 
further  observed  that  the  amplitude  of  this  decon¬ 
volved  signal  was  relatively  constant  and  the  phase 
was  nearly  linear.  See  Figure  1. 
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RGURt  1 

Magnitude  (loner)  and  phase  (upper)  of  a  deconvolved  experimental 
line.  The  phase  is  given  in  thl  range  t  180°. 

The  freuuency  range  is  approxihately  6-8mhz  in  increments  of  .5mhz, 


The  Fourier  inversion  of  this  deconvolved  sig¬ 
nal  produced  a  band  limited  pulse,  or  sine  function. 
After  examining  the  data,  we  hypothesized  that  the 
observed  source  line  had  passed  through  a  caustic 
on  its  propagation  path.  This  has  the  effect  of 
producing  a  phase  shift  in  the  Fourie1'  domain: 

+  n/2  for  positive  frequencies  and  -  «/ 2  for 
negative  frequencies.  We  adjusted  for  this  in  the 
deconvolution  and  then  found  that  the  Fourier 
transform  exhibited  the  appropriate  sinc-like  be¬ 
havior.  The  question  of  optimal  deconvolution  re¬ 
mains  before  us  (especially  since  the  source  exper¬ 
iment  is  not  yet  completely  standardized),  but  we 
feel  that  our  current  technique  provides  an  adequate 
result.  See  Figure  2. 


FIGURE  2 

Inverse  transform  of  deconvolved  experimental  line  with  caustic 

CORRECTION. 
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The  next  step  in  the  analysis  was  to  decon- 
value  the  low  frequency  data.  This  provides  the 
data  necessary  for  the  various  velocity  determina¬ 
tion  schemes.  Here  the  phase  shift  problem 
encountered  above  did  not  occur,  hut  a  near  null 
in  the  source  frequency  spectrum  at  .4  MHZ  (ka 
from  .2  to  .4),  prevented  successful  deconvolu¬ 
tion  in  the  region  necessary  for  the  low  band  and 
wide  band  velocity  determination  methods.  An 
order  of  magnitude  calculation  indicated  that  a 
small  air  gap  between  the  base  of  the  hemisphere 
and  its  mounting  would  cause  a  frequency  null  in 
this  range.  Dr.  Martin  was  able  to  separate  the 
hemisphere  from  its  mounting  and  indeed  found  such 
a  gap.  Furthermore,  he  has  recently  informed  us 
that  by  appropriately  altering  the  mount,  he  was 
able  to  remove  the  low  frequency  source  null.  We 
look  forward  to  using  this  new  source  record  in 
the  near  future  for  velocity  determinations. 

While  Dr.  Martin  investigated  the  source  mounting 
issue,  we  fell  back  on  the  use  of  back-face  re¬ 
flections  to  determine  a  working  set  of  velocities. 
Since  the  observation  points  used  are  symmetric 
with  respect  to  the  origin,  on  70  of  the  84  lines 
we  had  the  opportunity  to  determine  the  velocity 
two  times.  On  several  lines,  we  discovered  that 
there  were  serious  discrepancies  in  the  two  veloc¬ 
ities  determined  from  opposite  directions  on  the 
diameter. 

Since  our  inversion  method  is  a  three-dimen¬ 
sional  synthesis,  an  incorrect  speed  determination 
on  a  line  not  only  causes  a  mis-estimate  of  the 
flaw  size  but  can  also  cause  a  defocussing  effect, 
which  obscures  the  indicating  sinc-funct.ion  peaks 
in  the  output  on  that  line  and  nearby  lines.  In¬ 
deed,  upon  employing  the  average  speed  (on  the  70 
lines  where  two  determinations  were  possible),  we 
were  completely  unable  tc  locate  peaks  at  g  of 
the  84  output  points  and  peak  location  was 
uncertain  at  several  other  points.  The  maximum 
flaw  diameter  found  was  about  GOO  microns,  at 
approximately  the  correct  orientation,  but  other 
geometrical  data  (axes  orientation,  volume,  etc.) 
were  not  computed  because  of  the  generally  poor 
results. 

In  cooperation  with  Richard  Elsley,  Dr.  Martin 
has  recently  discovered  a  likely  cause  of  the  back- 
face  velocity  discrepancies  we  observed.  At  the 
lower  sampling  rate  used  for  the  low  frequency 
data,  the  recording  device  was  found  to  drop  about, 
two  data  points  per  record  in  regions  where  the 
recorded  signal  was  of  low  amplitude. 

Given  this  explanation,  it  is  clear  that 
using  the  minimum  velocity  of  each  pair,  rather 
than  the  average,  probably  would  have  given  a  more 
consistent  set  of  velocities.  However,  since 
Dr.  Martin  will  soon  be  ahle  to  record  a  data  set 
which  does  not  have  missing  points,  we  do  not  plan 
to  make  further  use  of  the  present,  low  frequency 
data  set.  However,  it  is  worth  noting  in  passing 
that  each  missing  data  point  corresponds  to  an 
underestimate  of  60  microns  in  flaw  size.  Thus, 
if  there  were  two  missing  data  points  on  the  lines 
near  our  reconstructed  maximum  diameter  our  flaw 
size  estimate  would  increase  to  840  microns  which 
is  in  good  agreement  with  the  original  specifica¬ 
tion  of  800  microns. 


Realistically,  the  effort  to  reduce  the  P0FF1S 
inversion  method  to  practice  must,  be  regarded  as  an 
iterative  loop  between  experiment  and  theory.  Both 
of  these  must  evolve  hand-in-hand  for  the  effort  to 
succeed.  It  is  not  surprising  that  in  this  first 
large  scale  data  collection  and  analysis  effort 
difficulties  should  emerge  both  with  the  experiment 
and  the  analysis.  These  difficulties  largely 
frustrated  our  efforts  to  test  the  velocity  estima¬ 
tion  techniq  _•  described  above.  However,  this  data 
analysis  represented  only  about  two  months  of 
effort.  Furthermore,  the  rapidity  with  which  these 
difficulties  are  being  resolved  bodes  well  for 
future  success,  both  short  term  and  long  range. 
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SUMMARY  DISCUSSION 


J.D.  Achenbach,  Chairman  (Northwestern  University):  There  Is  five  minutes  before  the  next  session  Is 
supposed  to  start.  Let's  have  one  question. 

Gordon  Kino  (Stanford  University):  I  think  I  would  like  to  make  a  comment  rather  than  a  question.  It 
seems  to  me  one  thing  that  has  got  to  be  done  with  these  numerical  techniques  -  they're  very 
powerful  and  so  on  -  but  somehow  you  have  to  get  some  rough-cut  numerical  techniques  because  It 
Is  no  use  doing  a  measurement  where  you  have  to  go  back  six  months  later  and  say,  "Oh,  we 
didn't  have  It  lined  up."  You  have  got  to  get  some  technique  where  you  get  a  quick  result  on 
line  and  then  you  can  massage  the  hell  out  of  It. 

Norm  Blelsteln  (Denver  Applied  Analytics):  We  do  that  by  hand  and  eyeball.  I  take  the  Input  lines  that 
Jim  gives  me  and  I  have  a  rough  Idea  what  the  size  and  orientation  Is  by  doing  that.  We  really 
can  do  that  kind  of  thing,  so  It's  really  potentially  there.  And  one  of  the  things  we  are 
hoping  for,  for  these  considerations  where  we  try  the  data  and  see  what  the  data  Is  and  decide 
It  this  way,  Is  that  we  would  formalize  those  things  just  because  we  are  repeating  the  same 
king  of  seat-of-the-pants  operations  over  and  over  again.  But  I  quite  agree  with  you  we  want 
to  do  that  as  a  first  step. 
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ARSTRACT 

The  time  domain  Born  approximation  for  ultrasonic  scattering  from  volume  flaws  In  an  elastic  medium 
Is  described.  Results  are  given  both  for  the  direct  and  the  Inverse  problem.  The  time  domain  picture 
leads  to  simple  Intuitive  formulas  which  we  Illustrate  by  means  of  several  simple  examples.  Particular 
emphasis  Is  given  to  the  front  surface  echo  and  Its  use  In  reconstructing  the  properties  of  the  flaw. 


INTRODUCTION 

Much  of  the  recent  development  of  ultrasonics 
for  quantitative  nondestructive  engineering  (NDE) 
applications  has  been  due  to  the  close  Interaction 
of  both  theory  and  experiment.  One  small  diffi¬ 
culty  In  this  situation  Is  as  follows.  Most  of 
the  experiments  are  performed  using  a  pulsed  trans¬ 
ducer  with  a  consequent  wide  band  of  frequencies. 
The  data  Is  collected  as  time  domain  records  and 
may  be  thought  of  as  the  Impulse  response  function 
of  the  flaw  convolved  with  the  transducer's  pulse 
shape.  On  the  other  hand,  most  of  the  theory  for 
elastic  wave  scattering  has  been  calculated  In 
terms  of  the  wavevector  k  of  an  Incident  plane 
wave.  The  result  Is  a  certain  mismatch  In  the 
comparison  of  theory  with  experiment. 

The  weak  scattering  limit  yields  one  of  the 
simplest  theories  of  elastic  wave  scattering.  For 
cases  of  Interest  to  NDE,  this  limit  was  studied 
systematically  by  Gubernatls  et  al,1  In  terms  of 
the  Rorn  approximation.2  Their  work  was  carried 
out  In  the  wavevector  (or  frequency)  domain  and 
considerable  Intuitive  understanding  of  the  prob¬ 
lem  resulted.  Despite  Its  simplicity,  the  fre¬ 
quency  domain  Rorn  approximation  has  been  widely 
useful  In  systematizing  experimental  data.  Fur¬ 
ther,  It  has  led  to  the  development  of  a  rather 
successful  Inversion  scheme.3  Recendy,  the  au¬ 
thors  have  formulated  the  weak  scattering  theory 
In  the  time  domain  using  the  Rorn  approximation. '* 
This  new  formulation  Is  also  rich  In  Its  own  1n- 
slqhts  and  Intuitions.  The  time  domain  picture 
gives  rise  to  simple  transparent  formulas  for  the 
scattering  problem  which  allow  the  solutlors  of 
many  problems  by  Inspection.  The  scattering  am¬ 
plitude  for  more  complicated  problems  can  be 
easily  estimated  roughly  In  an  Intuitive  way. 
Similarly,  simple  Intuitive  formulas  are  obtained 
for  the  Inverse  problem:  l.e.,  determining  the 
shape  and  the  material  composition  of  the  flaw 
from  the  scattering.  It  is  the  purpose  of  this 
paper  to  Introduce  the  NDE  community  to  these  new 
results.  Several  simple  example  cases  are  treated 
in  order  to  Illustrate  the  straightforward  and 
useful  nature  of  the  formulas.  The  details  of  the 
mathematical  derivation  will  be  reserved  for  a 
forthcoming  paoer  In  which  we  present  a  time  do¬ 
main  Integral  equation  approach.  The  Born  approx¬ 


imation  Is  obtained  as  the  first  Iteration  of  this 
Integral  equation. 

Refore  proceeding  we  remind  the  reader  of  the 
practical  limitations  of  the  Rorn  approximation 
for  the  direct  problem.  The  Rorn  approximation  Is 
a  weak  scattering  theory.  Good  results  will  be 
obtained  for  a  finite  flaw,  In  other  than  the  for¬ 
ward  scattering  direction,  If  the  material  param¬ 
eters  of  the  flaw  are  sufficiently  close  to  those 
of  the  host.  However,  the  approximation  Is  sur¬ 
prisingly  robust  and  useful  results  have  been  ob¬ 
tained  for  a  wide  class  of  flai.s.  Including  voids. 
Often  In  NDE  application,  the  flaws  scatter  the 
ultrasound  strongly.  In  such  cases,  the  frequency 
domain  Born  approximation  yields  Its  best  results 
for  lower  frequencies  and  for  directly  back  scat¬ 
tered  signals.1  At  high  frequencies  the  Born  ap¬ 
proximation  falls  fur  forward  scattering.  In  the 
time  domain,  wo  expect  the  back  scattered  early 
arriving  signal  to  be  best  described.  Later 
arriving  signals  will  tend  to  Involve  possible 
multiple  reflections  which  are  Ignored  In  the  Born 
approximation. 

The  Born  approximation  has  been  shown  to  yield 
an  exact  Inverse  method  for  the  shape  and  material 
parameters  for  the  weak  scattering  flaws  described 
above.5  Further,  It  ..as  been  successful,  In  sev¬ 
eral  empirical  tests.  In  the  determination  of  the 
shape  and  size  of  strongly  scattering  flaws  such 
as  spheroidal  voids.  Recently,  the  authors 

have  shown  that  the  Inverse  Born  approximation 
leads  to  an  exact  determination  of  the  shape  of  an 
ellipsoidal  void  In  an  Isotropic  elastic  solid 
given  Ideal  data  for  the  scattering  amplitudes 
(l.e.,  precise  longitudinal  to  longitudinal  (LH.) 
pulse-echo  data  at  ill  frequencies ,  nd  for  all 
angles  of  Incidence).8  These  results  are  most 
easily  elucidated  In  the  time  domain  and  are  the 
subject  of  a  forthcoming  paper.  The  present  form 
of  the  Rorn  Inverse  scattering  theory  has  not  been 
tested  for  crack-like  defects  or  multiple  flaws. 

The  purpose  of  this  paper  Is  to  Illustrate  the 
use  of  the  time  domain  Born  approximation  for  the 
simple  case  of  finite  sized  volume  inclusions  with 
constant  material  parameters.  In  keeping  with  our 
limited  purposes,  we  consider  primarily  longitudi¬ 
nal  to  longitudinal  (LH.)  scattering.  In 
Section  II,  we  summarize  the  formulas  for  the 
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determination  of  the  Impulse  response  function. 
Section  111  illustrates  the  use  of  these  formulas 
for  two  simple  flaws.  Section  IV  summarizes  the 
formulas  for  the  Inverse  scattering  problem. 
Results  are  discussed  both  for  the  determination 
of  the  shape  and  the  material  parameters  of 
flaws.  We  also  comment  on  the  applicability  of 
these  methods  for  strongly  scattering  flaws.  In 
Section  V  we  Illustrate  the  use  of  the  Inverse 
scattering  method  for  a  spherical  flaw.  Section 
VI  Is  a  brief  conclusion.  The  appendix  gives 
formulas  for  the  mpulse  response  functions  for  L 
*  L,  L  ♦  T,  T  *  L,  and  T  ♦  T  scattering  from 
Inhomogeneous  Isotropic  flaws  with  various 
polarizations  of  T  (transverse)  waves. 

TIME  DOMAIN  SCATTERING  FORMULAS 

Consider  an  Isotropic  homoyeneous  Inclusion 
with  material  parameter  pf,Xf  and  pp  embedded  In 
an  Isotropic  homogeneous  host  material  with 
constant  material  parameters  p  ,A  and  .  Here  p 
Is  the  density  and  A  and  p  are°the  Lame  param¬ 
eters,  The  deviations  of  the  flaws  material 
parameters  are  defined  as  Ap  1  pf  -  p  , 

Ap  =>  uF  -  p  and  AX  «  A_.  -  A  .  Tn  order  to  de¬ 
scribe^  the  Scattering  wb  conSlder  a  longitudinally 
polarized  Impulse  Incident  upon  the  flaw  which  Is 
centered  about  the  origin  of  coordinates.  The 
incident  Impulse  Is  described  by 

fjj(r.'t')  =  UqA ( t'+-  r'.  e^/cle^  (1) 


2 

S(t,ej.e0)  *  r( e  •  .e0 )  c0  V  ^  /  7nr(?) 

C“  dtc 

fi( t  -  (Cj  -  eQ)  .  r/c)  (4b) 

Here  we  have  set  t  -  t1  -  r'/c.  The  origin  of 
time  Is  defined  by  Eq.  (1)  and  corresponds  to  the 
unimpeded  incident  pulse  (Eq.  1)  crossing  the  ori¬ 
gin  of  coordinates.  Further,  we  have  normalized 
u$  by  r'  and  u.  to  obtain  a  quantity,  which 
does  not  depend  either  on  the  Intensity  of  the 
Incident  pulse  or  on  the  distance  at  which  the 
asymptotic  scattering  Is  measured.  S  is  called 
the  Impulse  response  function  of  the  flaw  and  Its 
expression  In  Eq.  (4)  Is  the  basic  result  of  the 
direct  scattering  theory.  R  corresponds  to  the 
time  domain  train  of  signals  which  would  be  re¬ 
ceived  by  a  transducer  In  the  scattering  direction 
e  due  to  an  Incident  delta  function  displacement 
pulse  In  the  Incident  direction  e^ . 

There  are  two  Important  observations  to  be 
made  about  R(t,§.,£  ).  First,  It  Is  the  Fourier 
transform  of  the’l*P  scattering  amplitude,  s.  In 
the  k-domaln.4  S  Is  defined  by  the  asymptotic 
scattered  displacement  field 

0S(  licl  ,e1  ,e0)  ^  5  (licl.e1,e0)e1kr/r  .  (5) 

Then  $  Is  determined  by 


Here  e,  Is  the  direction  of  Incidence,  c  Is  the 
velocity  of  longitudinal  sound  In  the  host,  and  UQ 
determines  the  magnitude  of  the  Impulse.  The  am¬ 
plitude  of  the  scattered  displacement  field  far 
from  the  flaw  Is  given  In  the  (lorn  approximation4 
by 
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where  we  have  the  relation  w  «  c  k. 

The  second  Important  observation  Is  a  simple 
geometrical  Interpretation  of  R.  First  we  note 
that  f  depends  only  on  the  angle  between  the  In¬ 
coming  and  outgoing  wave.  The  Integral  In 
Eq.  (4b)  corresponds  to  the  cross-sectional  area, 
A(t),  of  the  flaw  evaluated  on  a  plane  defined  by 


r.fe^  * 


"o’ 


ct 


(7) 


Here  e  denotes  the  direction  of  scattering.  The 
characteristic  function,  y,  Is  one  Inside  the  flaw 
end  Is  zero  outside.  Hence,  It  defines  the  flaw's 
shape.  The  function  f(£. .§  )  depends  only  on  the 
relative  angle  between  aRd  £  and  Is  given  by 


f(e,  .e„)  *  e.  .e_ 

1  o  4n  Lpq  1  o 


AX  +  2An(ei  eQ)2- 


(3) 


Eq.  (2)  Is  still  somewhat  clumsy  fo>  describ¬ 
ing  the  displacement  field  since  It  depends  expli¬ 
citly  on  the  position  and  time  at  which  the  signal 
Is  measured.  We  obtain  an  expression  which  Is  In¬ 
dependent  of  r'  and  t'  by  the  transformation 


*(t>VV  =  "o  r'  °s(?'*t,A)o 


(4a) 


This  plane  defines  the  locus  of  points  in  the  flaw 
which  have  a  constant  travel  time  from  the  Initi¬ 
ating  transducer  to  the  receiving  transducer.  The 
simple  planar  form  of  this  locus  results  from  the 
weak  scattering  assumption  that  the  Incident  Im¬ 
pulse  travels  at  the  velocity  of  the  host  Inside 
the  flaw  and  that  the  signal  Is  determined  by 
single  scattering  events.  Figure  1  Illustrates 
the  geometrical  Interpretation  of  A  for  a  given 
Incident  and  exit  direction.  The  time  dependence 
of  the  scattering  from  quite  complicated  shapes  Is 
now  straightforward  and  a  great  deal  can  be 
learned  simply  by  Inspection. 

EXAMPLES  OF  THE  DIRECT  SCATTERING  PROBLEM 


The  use  of  the  time  domain  Bom  approximation 
to  determine  the  Impulse  response  function  Is 
Illustrated  below  for  two  simple  flaws.  First, 
scattering  from  a  cubical  flaw  Is  used  to  Illus¬ 
trate  pulse-echo  calculations.  By  altering  the 
Incident  direction  such  that  the  Incoming  Impulse 
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Fig.  1  Shows  the  geometric  Interpretation  of  time 
domain  scattering.  The  Impulse  response 
function  Is  proportional  to  A"(t).  Alt) 

Is  defined  as  the  cross-sectlona)  area  of 
the  flaw  Derpendlcul ar  to  r:  and  t  n 
(e1  -  e0)  •  r/c. 

first  contacts  on  a  face,  on  an  edge  or  on  a 
point,  we  Illustrate  several  different  character¬ 
istic  forms  for  R(t,£.,§  ).  Of  particular  Inter¬ 
est,  we  have  Included1 a  case  In  which  the  front 
surface  echo  has  no  outstanding  features  and  mlqht 
"disappear"  In  an  experimental  measurement.  Our 
second  Illustration  shows  the  determination  of 
R(t,e, ,6  )  for  pitch-catch  scattering  from  a 
spheri,  0 

The  Impulse  function  Is  conveniently  expressed 
for  computational  purposes  after  a  change  of 
variable,  namely  s  *  ct/|e.  -  el.  Rewriting 
Eq.  (4)  10 

*,  -  «  ,  e0f(ereo)c  d2  „3*  *  ♦, 

R(s,e.  ,e  )  »  — - *•  /d  ry( r)  6(s-e.r). 

1  Q  |e,  -  e  l  dsZ 


e  5  'e1  ■  eo>/lei  ■  e0l 


The  Impulse  response  function  Is  proportional  to 
the  second  derivative  of  the  cross-sectional  area 
of  the  flaw,  A(s),  projected  on  a  plane  perpendi¬ 
cular  to  e  and  at  a  distance  s  from  the  center  of 
the  coordinate  system.  For  the  Illustrative  cases 
we  choose  the  origin  of  coordinates  to  be  the 
centr  of  Inversion  symmetry. 

The  determination  of  8  reduces  to  finding 
A'(s).  Consider  the  case  when  the  Incident  Im¬ 
pulse  Is  Incident  parallel  to  a  cube  face.  A  and 
A"  are  shown  In  Flq.  2.  Scattering  from  a  cube 
face  Is  characteristic  of  scattering  from  a  flat 
on  a  flaw  surface  which  lies  parllel  to  the  inci¬ 
dent  Impulse,  The  front  surface  echo  Is  the  de¬ 
rivative  of  a  delta  function.  Figure  3  shows  the 
Impulse  response  function  when  the  Incident  Im¬ 
pulse  Is  parallel  to  a  cube  edge.  The  result  Is  a 
front  surface  echo  consisting  of  a  delta  function. 
Finally,  and  perhaps  most  surprisingly,  we  consid¬ 
er  the  scattering  of  the  Incident  Impulse  which 
Initially  contacts  the  cube  on  one  of  Its  corners 
(the  most  common  situation  for  a  randomly  chosen 
angle  of  Incidence).  The  result  Is  shown  In 
Fig.  4.  Note  that  the  front  surface  echo  shows  no 
singular  behavior.  This  last  result  Is  generally 
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Fig.  2  t;ulse-echo  scattering  from  a  cube  face. 

The  outstanding  feature  of  this  result  Is 
the  appearance  of  the  derivative  of  a 
delta  function  In  the  front  surface  echo. 


Fig.  3  Impulse  response  function  for  pulse-echo 
scattering  from  a  cube  edge.  The  front 
surface  echo  Is  now  a  delta  function. 

true  for  pulse-echo  scattering  from  the  point  of  a 
flaw.  For  these  cases  the  front  surface-echo  Is 
not  notably  different  from  the  other  parts  of  the 
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Fig.  4  Impulse  response  function  for  pulse-echo 

scattering  from  a  cube  corner.  Here  there 
Is  no  singular  behavior  of  the  front 
surface  echo. 

returning  signal.  Experimentally,  the  front  sur¬ 
face  echo  may  seem  to  "disappear."  Such  a  lack  of 
a  front  surface  echo  has  been  observed  for  star 
shaped  Iron  flaws  In  S^Nit.9 

We  conclude  this  section  by  considering  pltch- 
catch  scattering  from  a  spherical  flaw.  For 
Illustration  we  have  chosen  e1  such  that  the  angle 
of  incidence  Is  0°  and  such  that  the  scattering 
angle  Is  120°.  The  resulting  A(s)  Is  on  a  plane 
surface  perpendicular  to  the  vector  e  =  (ej-e0)/ 

( I e ^ - eQ | ) .  The  cross-sectional  area  of  the  sphere 
Is  given  by 


A(e,s)  =  *(RZ  -  s2),  Isl  <  R  .  (9) 


Here  R  Is  the  flaw's  radius.  A  and  Its  f<v,st  two 
derivatives  with  respect  to  s  are  shown  In  ^Ig.  5. 
The  Impulse  response  function  Is  given  by 


.vs) 


eo  f  (V*o)c 


+  6(S  -  R)  -  \ 


(2tiR)  _1C6(  S  +  R) 

R  e(R  -  Isl)]  . 


(10) 


The  appearance  of  a  delta  function  In  the  front 
surface  echo  Is  characteristic  of  scattering  from 
a  flaw  which  has  a  finite  radius  of  curvature 
everywhere.  Additionally,  we  note  that  the  sub¬ 
stitution  s  =  ct/|§^-£0!  Indicates  the  pulse  train 
will  be  longest  when  &.j  »  -$0  ( backscatter)  and 
will  become  progressively  shorter  as  +  @0  (for¬ 
ward  scatter).  For  exactly  forward  scatter,  all 
of  the  scattered  energy  would  arrive  slmultane 
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Fig.  5  Pitch-catch  scattering  from  a  sphere. 

Notice  that  for  a  flaw  with  finite  radii 
of  curvature  the  front  surface  echo  Is 
a  delta  function. 

ously  with  the  Incident  Impulse  resulting  In  the 
high  frequency  divergence  for  forward  scatter. 
These  results  stem  from  the  Born  assumption  that 
the  velocity  of  propagation  In  the  flaw  Is  the 
same  as  In  the  host. 

THE  INVERSE  SCATTERING  PROBLEM 

For  the  class  of  flaws  we  are  considering,  the 
Inverse  problem  consists  of  two  parts.  First,  the 
determination  of  the  flaw's  characteristic  func¬ 
tion  ( 1  .e . ,  the  shape).  Second,  the  determination 
of  the  material  parameters.  Below  we  give  the 
formula  (valid  In  the  weak  scattering  limit)  for 
e  jctly  reconstructing  the  shape  of  the  flaw. 

Then  we  show  how  the  specular  reflection  can  be 
used  to  deduce  the  material  properties  of  the 
flaw.  We  concentrate  on  the  front  surface  echo 
(the  specular  reflection)  since  we  ‘row  that  the 
weak  scattering  assumption  Is  violated  for  many  of 
the  flaws  encountered  In  practice.  We  expect  that 
the  early  arriving  specular  reflection  will  bs 
given  more  accurately  by  the  Born  approximation 
than  the  later  arriving  signal.  Our  expectation 
Is  based  on  the  fact  that  by  considering  only  the 
first  arriving  s'gnal  we  avoid  multiple  reflec¬ 
tions  within  the  flaw.  Formulas  are  given  for  de¬ 
termining  S\  and  the  difference  In  the  acoustic 
Impedance,  4Z,  In  terms  of  the  front  surface  echo. 
We  also  discuss  similar  results  for  Ap  and  fin 
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which  can  be  obtained  from  L+T  and  T+T  scattering, 
respectively. 

The  shape  of  a  flaw  can  be  determined  from  L+L 
pulse-echo  data  measured  for  all  Incident  direc¬ 
tions,  &.j.  The  characteristic  function  Is  deter¬ 
mined  from  the  Impulse  response1*  and  Is 

2e . .  r 

y(r)  =  const.  /  d2e^  R(t  =  — ~ —  ,  ,-e^ )  .  (11) 


Geometrically,  this  is  equivalent  to  adding  up  the 
backscattered  Impulse  response  functions  for  all 
angles  of  Incidence,  and  for  chose  times, 
t  =  2 e..r/j  which  Include  scattering  coming  from 
the  point  r.  Equation  (11)  applies  to  flaws  with 
spatially  variable  material  parameters  If  we  re¬ 
place  the  characteristic  function,  y,  with  the 
acoystic+1mpedjnce  function  Az(r^.  Here  Aj(r)  = 
Pf(r)c-(r)-p  (r)c  (?),  where  pf(r)  and  p  (r)  de- 
nSte  tne  spatially  variable  densities  £f°the  flaw 
and  the  host.  Similarly  c,(r)  and  c  ( r)  Indicate 
the  spatially  variable  longitudinal  velocities. 

The  material  properties  of  the  flaw  can  be  ex¬ 
tracted  from  Eq.  (4)  as  follows.  The  time  depen¬ 
dence  of  the  Impulse  response  function  is  given  by 
the  second  time  derivative  of  the  cross-sectional 
area  function.  However,  the  magnitude  of  the  im¬ 
pulse  response  function  Is  determined  by  the  angu¬ 
lar  factor  f(£..&0).  By  choosing  special  Incident 
and  exit  directions  we  can  determine  the  material 
properties.  Consider  the  case  of  direct  back 
scattering  In  which  case  eQ  =  .  Then 


Here  z  Is  che  acoustic  impedance  (zQ  =  pQc)  and 
Az  is  the  difference  in  the  acoustic  Impedance  of 
the  flaw  and  the  host.  Thus,  if  the  acoustic 
impedance  of  a  flaw  Is  greater  than  that  of  the 
host  R(t,§^,-ej)  will  be  Inverted  with  respect  to 
the  Incident  pulse.  On  the  other  hand,  If  Sz  Is 
less  than  zero,  R  will  be  upright. 

The  Lame'  parameter  A  can  also  be  determined 
from  L+L  scattering.  Here  choose  to  be  per¬ 
pendicular  to  £.(.  Then 


INVERSE  BORN  APPROXIMATION  FOR  THE  SHAPE 

In  order  to  Illustrate  the  use  of  the  inver¬ 
sion  algorithm  Implied  by  Eq.  (8),  we  consider  the 
case  of  a  spherically  symmetric  flaw.  Then  the 
time  domain  Inversion  algorithm  (Eq.  11)  reduces 
to 

+  1  2r/c 

y(  I r  I )  *  const,  tt-t-  I  R(t,e,,  -  e4 )  .  (14) 

£r/c  -2 r/c  1  1 

Here  e^  Is  arbitrary  since  the  flaw  has  spherical 
symmetry.  The  characteristic  function  is  given  by 
a  time  domain  average  of  the  impulse  response 
function  about  the  zero  of  time.  Using  the  Im¬ 
pulse  response  function  for  a  sphere,  which  Is 
shown  in  Fig.  5,  we  see  that  the  characteristic 
function,  y,  will  be  a  constant  for  values  of  r 
less  than  the  radius.  For  a  value  of  r  equal  to 
the  radius,  y  will  drop  discontlnuously  to  zero. 
Further,  y  Is  zero  for  r  greater  than  the  radius. 
Thus  we  have  reconstructed  the  characteristic 
function  of  a  sphere.  The  Born  inversion  algo¬ 
rithm  appears  to  be  much  more  general  than  Its  de¬ 
rivation  as  a  weak  scattering  limit  might  suggest. 
Figure  5  shows  the  reconstruction  of  the  charac¬ 
teristic  function  for  a  spherical  void  In  T1  uslnq 
the  exact  scattering  results  of  Ying  and  Truell.16 


SCSI  12*77 


r/o0 

Fig,  6  Calculated  characteristic  function  for  a 
spherical  void  In  T^  using  the  Inverse 
Born  Approximation. 


,  _  1  AA 
UT  A  +  2p 


(13) 


Similarly,  Sp  can  be  obtained  from  L+T  scattering 
and  for  Ap  and  Sp  from  T+T  scattering.  Thus  by 
considering  L+L  and  T+T  pulse-echo  scattering 
alone,  we  find  the  material  parameters  of  the 
flaw.  For  weak  scattering  flaws  the  magnitude  of 
the  signal  (and  front  surface  echo)  determines 
aa,  Ap  and  Ap  via  Eqs.  (12)  and  (13)  and  their 
analogs  for  T+T  scattering.  For  strongly  scatter¬ 
ing  flaws,  we  do  not  expect  an  accurate  relation. 
However,  It  Is  possible  that  by  observing  the  sign 
of  the  front  surface  echo  for  strongly  scattering 
flaw,  we  will  be  able  to  determine  the  signs  of 
Ap,  Ap,  AA  and  Az.  In  this  connection  It  Is 
worthy  of  note  that  It  was  shown  by  one  of  us5 
that  with  a  sufficient  diversity  of  pitch-catch 
L+L  scattering  measurements  one  can  estimate  (in 
principle)  the  spatial  distribution  of  Ap,  AA, 
and  Ap. 


The  Inversion  algorithm  for  spherical  flaw  Is 
significantly  simpler  to  Implement  than  the  gen¬ 
eral  form,  Eq.  (11).  It  has  been  found  that  the 
simplest  form  of  the  inverse  Born  approximation 
Eq.  (14)  can  be  used  to  study  the  shape  of  ellip¬ 
soidal  flaws.3’6’7  In  this  case,  rather  than  de¬ 
termining  the  distance  from  the  flaws  center  to 
the  surface,  one  determines  the  distance  from  the 
center  to  the  tangent  planes  to  the  surface. 

In  order  to  implement  the  Inversion  formulas, 
it  Is  necessary  to  experimentally  establish  the 
zero  of  time,  which  is  defined  as  the  Instant  the 
unimpeded  Impulse  would  have  crossed  the  center  of 
mass  of  the  flaw.  For  weakly  scattering  flaws  of 
arbitrary  shape,  this  zero  of  time  can  be  deter¬ 
mined.  For  flaws  with  a  center  of  Inversion  sym¬ 
metry,  there  Is  a  general  method  for  determining 
the  zero  of  time  for  arbitrarily  strongly  scatter¬ 
ing  flaws.  These  methods  rely  upon  the  low  fre¬ 
quency  expansion  of  the  scattering  amplitude  or 
equivalently  the  first  four  moments  of  the  Impulse 
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response  function.  Details  can  be  found  In  Refs. 
11,  12  and  13.  For  strongly  scattering  flaws  of 
general  shape  (with  no  center  of  Inversion 
symmetry),  the  determination  of  the  zero  of  time 
Is  problematic  and  the  Implementation  of  the 
Inversion  algorithm  Is  uncertain. 

The  time  domain  Born  approximation  provides  a 
basis  for  extending  the  Inversion  method  suggested 
by  Cook  et  al.14  They  noted  (following  Kennaugh 
and  Moffat15  for  the  electromagnetic  case)  that  If 
the  time  domain  pulse-echo  scattering  response  to 
an  Incident  delta  function  plane  wave  Is  propor¬ 
tional  to  the  second  derivative  of  the  cross- 
sectional  area  (see  Eg.  4b),  then  the  scattering 
response  to  a  ramp  function  will  yield  the  cross- 
sectional  area  of  all  sections  of  the  flaw  per¬ 
pendicular  to  the  Incident  direction.  Previously, 
this  Inversion  method  has  been  justified  by  the 
use  of  the  physical  optics  approximation  which  Is 
most  appropriate  for  voids  and  for  high  frequen¬ 
cies.  The  time  domain  Born  approximation  for  the 
Impulse  response  function  Indicates  the  Inversion 
method  Is  also  justified  for  weakly  scattering 
Inclusions  as  pointed  out  by  Cook .* 6 


In  order  to  succinctly  state  the  results  we 
define  the  unit  vectors  r,  6  and  i|i,  where  r  Is  the 
direction  of  propagation  of  the  scattered  wave. 

r  =  x  sin  6  cosip  +  y  sin  e  sin  i|)  +  z  cos  e 


e  =  x  cos  e  cosl>  +  y  cos  9  slnt  -  z  sin  0  (A2) 


t  =  -x  slnt  +  y  cost* 

Here  6  and  t  are  the  polar  and  azimuthal  angles  of 
our  spherical  coordinate  system;  and  x,  y  and  z 
are  the  unit  vectors  of  the  rectangular  system. 
Much  of  the  notation  in  the  appendix  is  taken  from 
the  MSC  report  of  Gubernatls  et  al,  which  Is  an 
excellent  account  of  the  frequency  space  Born 
approximation. 

First,  we  consider  an  Incident  Impulse  which 
is  longitudinally  polarized  (Eq.  1).  In  what 
follows  e^  Is  always  equal  to  z,  the  direction  of 
incidence.  Nonetheless,  we  retain  e^  for  uni¬ 
formity  of  notation. 


SUMMARY 


We  have  Illustrated  the  use  of  the  time  domain 
Born  approximation.  Simple  examples  were  chosen 
to  demonstrate  the  utility  of  the  approximation 
both  for  the  direct  and  the  Inverse  scattering 
problems.  Of  particular  Interest  Is  the  manner  In 
which  the  front  surface  echo  depends  on  the  geom¬ 
etry  of  the  scatterer.  The  front  surface  echo 
allows  us  to  determine  the  sign  of  6z  and  6\  from 
L+L  scattering.  L+T  scattering  allows  one  to 
Infer  4p,  while  T+T  scattering  lead  to  a  knowledge 
of  both  Sp  and  6u.  The  time  domain  Born  approxi¬ 
mation  provides  a  convenient  Intuitive  picture  for 
discussing  both  the  direct  and  Inverse  scattering 
problems. 


/  d3?y(f)  Mil 

4nc^  dt  po 

A  A  ^ 

4y(r)  +  26u(r)  cose  ,  ^  (ereo'*r 

- Vr7% -  ~ — 


and 


(A3) 


8,(t)=— /  d3ry(?)  liti-Tl  sin  (28) 
1  A-~c  ■4*c  CL  Mo 


4*Cj  dt1- 


-  Mil  sin  (0)  a  t  -  !i-  .  f 

po 


CL  CT 


APPENDIX 
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COMPILATION  OF  UL,  UT,  T>L  AND  T-T  RESULTS 

The  direct  scattering  formulas  are  listed  here 
for  L*L,  L+T,  T+L,  and  T+T  scattering.  Further, 
the  material  parameters  of  the  flaw  are  allowed  to 
vary  with  position.  Since  the  results  ire  con¬ 
siderably  more  complicated  than  the  simple  case  of 
L+L  scattering  treated  In  the  main  text,  we  change 
our  notation  to  a  more  general  form.  First,  the 
Incident  Impulse  Is  uniformly  chosen  to  propagate 
In  the  +z  direction.  The  asymptotic  form  of  the 
scattered  displacement  field  Is  represented 

r  U*(?,t)/U0  A.| ( t- r/ c^ )  +  B<(t-r/cT) 

(Al) 


Here  UQ  is  the  strength  of  the  Incident  delta 


function  Impulse;  c,  and 
velocity  of  longitudinal 
Tensor  notation  Is  adopt* 
of  the  vectors  5,  A  and 


cT  are,  respectively,  the 
and  transverse  sound, 
d  tg  denote  the  component 
represents  the  long¬ 


itudinal  response  due  to  an  arbitrarily  polarized 
Impulse.  If  the  Impulse  Itself  Is  longitudinally 
polarized  then  A  Is  Identical  to  the  function 
fi(t,e.,e  )  defined  in  Section  II.  8(t)  Is  the 
transverse  response  to  an  arbitrarily  polarized 
Impul se. 


Now  consider  an  Incident  Impulse  transversely 
polarized  In  the  +x  axis.  Then 


A.(t)  = 


'1  d2 
4nc2  d? 


/d3rr(r)  ^-r-  sin  0  cos 


Mr)  CL 


e,  e 

r+PT  '  c~  sin  8  cos  i>  fit  -  T  '  T  ■  r 
V£H0  CT  CT  CL 


(A5 ) 


and 
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4xC-j-  dt  po 

+  Mil  s<rl  j  cos  e  ^  +  (Mr)  cos  6  cos» 
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q  6  t-  —  c-6-  .  f 
1  CT 

( A6) 


387 


The  third  case  considered  Is  an  Incident  Im¬ 
pulse  which  Is  right  hand  circularly  polarized. 
That  Is 


“-I? 


(A7) 


we  define 


x+  =  77  <®  +  W 
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then 
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Finally 
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DEPENDENCE  OF  THE  ACCURACY  OF  THE  BORN  INVERSION  ON  NOISE  AND  BANDWIDTH 


R.  K.  Elsley  and  R.  C.  Addison 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


ABSTRACT 

The  Born  Inversions  are  a  set  of  techniques  for  reconstructing  the  shape  of  a  flaw  based  on  the 
scattering  of  ultrasound  from  the  flaw.  One  technique  Is  the  one-dlmensloml  Born  Inversion,  which 
estimates  the  radius  of  a  flaw  In  one  direction  based  on  one  pulse-echo  (l.e.,  back scattering) 
measurement  In  that  direction.  The  robustness  of  this  technique  with  respect  to  limitations  on  the 
available  bandwidth  and  with  respect  to  the  presence  of  noise  in  the  data  have  been  Investigated.  The 
Born  Inversion  requires  a  bandwidth  sufficient  to  Include  at  least  the  range  0.5  <  ka  <2  to  give 
accurate  estimates.  The  estimates  continue  to  be  accurate  even  when  the  amount  of  noise  energy  Is 
comparable  to  the  amount  of  flaw  signal  energy  In  the  measurement. 


INTRODUCTION 

The  requirements  on  the  design  of  structures 
and  machinery  are  coming  more  and  more  to  stress 
maximum  performance  combined  with  minimum  weight, 
minimum  use  of  expensive  materials  and  minimum 
life  cycle  costs.  It  therefore  becomes  more  and 
more  Important  to  be  able  to  predict  the  remaining 
lifetime  of  a  component.  Accurate  nondestructive 
measurements  of  flaw  properties,  combined  with  the 
discipline  of  fracture  mechanics,  can  provide 
these  predictions. 

Inversion  algorithms  may  be  classified  In 
terms  of  how  complete  a  description  of  a  flaw  they 
attempt  to  provide.  Generally,  an  algorithm  which 
can  provide  a  detailed  description  of  a  flaw  will 
require  a  large  amount  of  measured  data  In  order 
for  It  to  work  successfully.  This  data  may 
Include  measurements  from  a  wide  range  of  angles 
of  Inspection  about  the  flaw  and/or  a  wide  range 
of  frequencies.  Imaging  Is  an  example  of  a  tech¬ 
nique  which  requires  measurements  over  a  substan¬ 
tial  range  of  angles.  Obtaining  large  amounts  of 
measured  data  from  a  flaw  will  be  tlme-consumlr.g 
and  may  require  specialized  equipment,  such  as  an 
array  transducer  or  an  automated  manipulator  arm. 
In  some  cases,  the  data  may  not  be  available  due 
to  geometric  limitations  on  what  angles  of  Inspec¬ 
tion  are  possible  or  limitations  on  the  available 
range  of  frequencies  due  to  grain  scattering  or 
ultrasonic  attenuation.  These  limitations  will 
restrict  the  use  of  such  data- Intensive  Inversion 
algorithms  to  special  Inspection  problems  where 
the  expense  Is  justified  by  the  results  which  the 
algorithm  provide. 

On  the  other  hand.  If  an  Inversion  algorithm 
determines  only  few  properties  of  a  flaw,  then  it 
may  need  only  a  limited  amount  of  data  to  do  so. 
This  will  make  the  algorithm  much  easier  to  Imple¬ 
ment  In  practical  testing  situations.  Therefore, 
there  Is  a  need  for  Inversion  algorithms  which: 

1.  Measure  flaw  properties  that  are  valuable  In 
predicting  the  remaining  lifetime  of  a  part, 
and 

2.  Require  only  a  minimal  amount  of  data  to  do 
so. 


The  properties  of  a  flaw  which  are  Important 
In  predicting  the  remaining  lifetime  of  a  part 
are.  In  many  cases,  the  overall  dimensions  of  the 
flaw.  For  example,  the  growth  of  a  crack  In  a 
metal  Is  largely  determined  by  the  cross-sectional 
dimensions  of  the  crack  perpendicular  to  the 
direction  of  the  applied  stress  in  the  part.  It 
Is  fortunate  that  the  overall  dimensions  of  the 
flaw  are  the  properties  which  are  of  Importance 
because  high  frequencies  are  not  required  to 
measure  them  and  high  frequencies  are  the  most 
difficult  to  generate  and  propagate  through  mate¬ 
rials.  For  measuring  the  overall  dimensions  of  a 
flaw,  the  best  frequencies  are  those  for  which  the 
wavelength  of  sound  Is  comparable  to  the  dimen¬ 
sions  of  the  flaw. 

In  ultrasonic  nondestructive  testing,  the 
minimum  amount  of  data  that  will  be  available  from 
a  flaw  Is  the  reflection  of  a  single  ultrasonic 
pulse  from  the  flaw.  This  Is  the  data  that  would 
be  available,  for  example.  If  a  large  part  were 
being  scanned  by  a  single  transducer  operated  In 
the  pulse-echo  mode.  The  pulse  contains  frequency 
components  over,  typically,  two  octaves. 

The  Born  Inversion1*2  Is  a  technique  which 
determines  one  dimension  of  a  flaw  by  the  use  of 
one  pulse-echo  waveform  reflected  from  the  flaw. 
The  dimension  which  It  measures  Is  the  radius  of 
the  flaw  In  the  direction  of  inspection.  It  does 
this  without  making  use  of  the  absolute  amplitude 
of  the  pulse,  as  Is  done  In  conventional  ultra¬ 
sonic  testing.  Rather,  it  makes  use  of  the  shape 
of  the  reflected  pulse.  Another  way  of  saying 
this  is  that  It  makes  use  of  the  relative  ampli¬ 
tude  and  phase  of  the  various  frequency  components 
which  make  up  the  reflected  pulse.  This  lack  of 
dependence  on  the  absolute  amplitude  of  the  pulse 
makes  the  technique  Independent  of  several  factors 
which  disrupt  conventional  ultrasonic  measure¬ 
ments,  including  coupling,  variable  attenuation 
and  Instrumental  variations.  This  allows  the 
technique  to  provide  an  absolute  measurement  of 
flaw  size,  that  Is,  one  which  does  not  need  a 
reference  sample  on  which  to  calibrate. 

The  Born  Inversion  was  first  derived  for  the 
case  of  weak  scattering  flaws.  These  are  flaws 
whose  density  and  sound  velocity  differ  only  a 
little  from  those  of  the  host  material  In  which 
they  are  located.  Cracks,  voids  and  some  inclu- 


slons  do  not  fall  In  this  class.  However,  some 
Inclusions,  such  as  SI  In  SI3N4  are  weak 
scatterers. 

In  this  weak  scattering  limit,  the  scattering 
of  ultrasound  from  the  flaw  can  be  calculated  by 
an  approximate  method  known  as  the  Born  approxima¬ 
tion.  The  scattering  from  the  flaw,  expressed  as 
a  function  of  frequency  and  angle  of  Interroga¬ 
tion,  Is  proportional  to  the  Fourier  transform  of 
a  quality  called  the  characteristic  function  of 
the  flaw.  The  characteristic  function  Is  defined 
as  follows: 

Cfr)  =  1  Inside  the  flaw 

=  0  outside  the  flaw 

If  this  function  could  be  calculated,  one  would 
then  know  the  location  of  the  boundaries  cf  the 
flaw,  and  therefore  know  Its  size,  shape  and 
orientation.  The  Born  approximation  scattering 
calculation  shows  that  In  the  weak  scattering 
regime  the  characteristic  function  can  be  obtained 
oy  performing  a  three-dimensional  Fourier  trans¬ 
form  of  the  scattering  amplitude  measured  as  a 
function  of  frequency  and  angle.  This  procedure 
Is  called  the  three-dimensional  Born  Inversion. 

This  procedure  still  requires  the  measurement 
and  processing  of  a  large  amount  of  data.  How¬ 
ever,  there  is  a  simplification  which  can  be  made 
which  produces  a  one-dimensional  Born  inversion- 
algorithm.  Consider  the  case  of  a  spherical 
scatterer.  The  scattering  amplitude  Is  the  same 
In  all  directions  and  the  three-dimensional 
Fourier  transform  reduces  to  a  one-dimensional 
Fourier  sine  transform 

C(r)  =  i  sin  wr  do  (1) 


The  lower  curve  In  Fig.  1  shows  a  one- 
dimensional  cross  section  through  the  character¬ 
istic  function  of  a  flaw,  as  It  might  be  recon¬ 
structed  from  scattering  data  with  limited  band¬ 
width.  An  estimate  of  the  radius  of  the  flaw  can 
be  obtained  from  the  characteristic  function  by 
any  of  several  estimators,  such  as  the  radius  at 
which  the  characteristic  function  drops  to  1/2  of 
Its  peak  value. 

In  order  to  understand  how  the  Born  Inversion 
works  for  flaws  other  than  weakly  scattering 
spheres,  It  Is  useful  to  recast  Eq.  (1)  Into  the 
time  domain.  The  result  Is 


C(r)  «  C(vT)  «  }  !J_j  aft)  dt  (2) 


where  v  Is  the  sound  velocity  of  the  host  mate¬ 
rial,  and  aft)  Is  the  response  of  the  flaw  to  an 
Incident  S-functlon  Impulse,  aft)  Is  the  Fourier 
transform  of  the  scattering  amplitude  Afu).  In 
what  follows,  "a"  will  also  be  used  to  Indicate 
the  radius  of  a  flaw.  Confusion  can  be  avoided  by 
noting  that  the  Impulse  response  will  always 
appear  with  an  argument:  aft),  while  the  radius 
will  appear  without  an  argument.  The  upper  curve 
In  Fig.  1  shows  a  sketch  of  the  Impulse  response 
for  a  weakly  scattering  flaw.  It  consists  of 
(from  left  to  right)  a  front  surface  echo,  a  con¬ 
stant  region  due  scattering  from  the  body  of  the 


flaw,  b)  characteristic  function  derived 
by  Born  Inversion. 

flaw  and  a  rear  surface  echo.  Equation  (2)  has  a 
very  simple  Interpretation  In  terms  of  this 
figure.  Each  point  on  the  characteristic  function 
Is  calculated  by  Integrating  over  a  central  por¬ 
tion  of  aft).  This  portion  Is  shown  cross-hatched 
In  Fig.  1.  This  Is  called  the  "expanding  window” 
method  of  calculating  the  characteristic  function, 
because  the  characteristic  function  can  be  gen¬ 
erated  by  performing  the  Integration  (2)  over  an 
ever  expanding  window  of  which  the  hatched  area  Is 
one  example. 

Because  the  Impulse  response  aft)  of  a  weak 
scatterer  can  be  calculated  by  a  simple  construc¬ 
tion  based  on  Its  shape,  It  Is  easy  to  show  that 
for  any  ellipsoidal  weak  scattering  flaw,  the 
characteristic  function  has  the  same  shape  as  It 
does  for  a  sphere  and  gives  a  measure  of  the 
radius  of  the  ellipsoid  along  the  direction  of 
Inspection.  If  a  number  of  these  one-dimensional 
Born  Inversions  are  performed  from  a  variety  of 
angles,  the  shape  of  the  flaw  can  be  traced  out. 

Thus  far,  we  have  considered  only  weak 
scatterers.  The  Born  Inversion  has  been  shown  to 
work  on  strong  scatterers  as  well.  The  reasons 
wt\y  it  does  can  be  understood  by  noting  that  the 
Born  Inversion  Is  essentially  measuring  the  dis¬ 
tance  from  the  center  of  the  flaw  to  the  front 
surface  tangent  plane  In  the  direction  of  obser¬ 
vation.  Note  that  the  rapid  fall -off  of  the 
characteristic  function  at  r  ■  1  Is  primarily  due 
to  the  sharp  fron;:  surface  echo.  Strong  scat¬ 
terers  have  even  more  pronounced  front  surface 
echoes  than  do  weak  scatterers  and  It  Is  found 
that  their  characteristic  functions  are  enough 
like  Fig.  1  to  provide  good  radius  estimates. 

BANDWIDTH  REQUIREMENTS 

The  Born  Inversion  was  found  to  require  a 
bandwidth  of 
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0.5  <  ka  <  2 
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In  order  to  give  radius  estimates  accurate  to 
within  20%.  If  Insufficient  low  frequency  data  Is 
available,  then  an  underestimate  results  and  If 
Insufficient  high  frequency  data  Is  available,  an 
overestimate  results. 

Figure  2  shows  radius  estimates  obtained 
using  the  calcualted  scattering  amplitude  for  a 
spherical  void  when  only  limited  bandwidth  Is 
available.  The  dashed  curve  shows  the  effect  of 
Insufficient  low  ka  data.  Underestimates  of  >20% 
occurs  when  kam!n  >0.5.  The  solid  curve  shows 
the  effect  of  insufficient  high  ka  data. 
Overestimates  of  >20%  occur  when  ka^  <•  2. 
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Fig.  2  Effect  of  limited  bandwidth  on  the  accuracy 
of  the  Born  Inversion. 


Figure  3  shows  the  effect  of  limiting  both 
low  and  high  frequency  bandwldths.  The  figure 
shows  the  estimated  radius  a  divided  by  the  true 
radius  a  vs  the  average  wavenumber  k  of  a  trans¬ 
ducer  multiplied  by  the  flaw  radius  a.  Each  curve 
Is  for  a  transducer  of  a  different  relative  band¬ 
width,  expressed  In  terms  of  the  ratio  of  the 
maximum  ka  of  the  transducer  to  the  minimum  ka. 

Note  that  for  the  6:1  transducer,  measure¬ 
ments  will  be  accurate  to  within  20%  for  a  1.7:1 
range  of  flaw  sizes,  while  for  the  10:1  trans¬ 
ducer,  the  range  of  flaw  sizes  Is  about  2.5:1.  A 
good  broadband  commercial  transducer  might  have  a 
10:1  range  of  usable  k. 

SIGNAL  TO  NOISE  REQUIREMENTS 


Fig.  3  Accuracy  of  Born  Inversion  vs  transducer 

center  frequency  ar.d  bandwidth. 


The  simulated  waveforms  are  calculated  In  the 
frequency  domain,  then  multiplied  by  the  measured 
spectrum  of  an  ultrasonic  transducer  and  finally 
put  Into  the  time  domain. 

ax(t)  =^_1{X(f)  .  [At f )  +  N  (f)]} 

where  ax( t)  Is  the  simulated  flaw  waveform.  At f ) 

Is  the  scattering  amplitude  of  the  flaw,  Nq(f)  Is 
grain  scattering  noise,  X(f)  Is  the  transdacer 
spectrum  and.^l  refers  to  a  Fourier  transform 
from  frequency  to  time  domains.  The  waveforms  are 
then  input  to  the  Born  Inversion  algorithm  as 
experimental  signals  would  be. 

The  noise  waveform  has  the  form 

N  { f)  =  (f-)4  N ( f } 
y  o 

where  f0  Is  a  reference  frequency  and  N(f)  Is  a 
complex  valued  white  Gaussian  noise  waveform 
consisting  of  samples  of  a  Gaussian  random 
variable  for  which 


E  v(f)  v(f’)*  =  0f2  «ff, 


f0  is  chosen  arbitrarily  to  be  the  maximum 
frequency  of  the  sampled  waveform.  The  mean 
energy  In  Ng  Is  therefore 


The  sensitivity  of  the  Born  Inversion  to  the 
presence  of  noise  In  the  data  has  been  Investi¬ 
gated  by  creating  simulated  experimental  wave¬ 
forms.  These  waveforms  consist  of  the  calculated 
scattering  from  a  spherical  void,  with  simulated 
noise  added.  The  noise  Is  selected  to  model  the 
scattering  of  ultrasound  by  grains  In  the  host 
material.  Grain  scattering  has  a  power  spectrum 
proportional  to  f4  (f  *  frequency). 


V 


f  *  -f_ 


2,  2 
F  fo  4f 
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where  if  Is  the  sample  Interval  of  Ng. 

The  signal  to  noise  ratio  of  the  simulated 
experimental  waveforms  Is  defined  to  be 


experimental  data.  The  algorithm  Is  written  In 
Rockwell's  ISP  signal  processing  language  and  Is 
executed  on  a  mini-  or  a  microcomputer.  Figure  6 
Is  a  block  diagram  of  the  algorithm. 


(s/Ml2  >  energy  In  flaw  signal 

mean  energy  In  noise  signal 

.  af  ElA(f) l2 
— g- - 


Figure  4  shows  simulated  and  experimental  flaw 
waveforms.  The  upper  curve  Is  an  experimental 
waveform  recorded  for  an  800  um  diameter  spherical 
void.  The  middle  and  lower  curves  are  simulated 
flaw  waveforms.  The  middle  curve  contains  io 
noise  and  the  lower  curve  contains  enough  noise  to 
produce  a  0  dB  signal  to  noise  ratio.  The  simi¬ 
larity  between  the  simulated  and  the  measured 
waveforms  Is  very  good. 
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Fig.  4  Experimental  and  simulated  flaw  waveforms 
Including  grain  scattering  noise. 


Figure  5  shows  the  radius  estimates  obtained 
for  ensembles  of  noised  up  signals  at  various 
slgnal-to-nolse  ratios.  The  flaw  has  a  diameter 
of  800  um.  For  large  slgnal-to-nolse,  the 
algorithm  correctly  estimates  the  radius  to  be 
400  um.  The  dashed  curve  shows  the  mean  radius 
estimate  for  an  ensemble  of  signals  at  each 
slgnal-to-nolse  ratio.  The  solid  curves  show  the 
95%  confidence  levels  for  the  ensemble.  As  the 
slgnal-to-nolse  ratio  decreases,  the  uncertainty 
of  the  estimates  Increases  and  the  mean  of  the 
estimates  eventually  becomes  Inaccurate  too.  How¬ 
ever,  the  95%  confidence  level  Is  within  20%  of 
the  correct  answer  down  to  a  slgnal-to-nolse  ratio 
of  0  dB.  The  upper  and  lower  curves  In  Fig.  4 
show  flaw  signals  In  the  presence  if  this  level  of 
grain  noise. 

DESCRIPTION  OF  THE  ALGORITHM 


An  algorithm  has  been  developed  to  perform 
the  one- dimensional  Bom  Inversion  reliably  on 


S/N  (dB) 


Fig.  5  Radius  estimates  for  ensembles  of  noisy 
flaw  waveforms  vs  slgnal-to-nolse  ratio. 


BORN  INVERSION  ALGORITHM 


Fig.  6  Block  diagram  of  Born  Inversion  algorithm. 

The  Implementation  of  the  Born  Inversion  In  a 
working  algorithm  Is  most  readily  done  In  the  fre¬ 
quency  domain  using  Eq.  (1).  The  reason  why  a 
frequency  domain  Implementation  Is  better  than  a 
time  domain  Implementation  is  because  a  measured 
ultrasonic  signal  consists  of  the  Impulse  response 
of  the  flaw  convolved  with  the  Impulse  response  of 
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the  transducer  and  other  measurement  system  compo¬ 
nents  (l.e.,  the  Incident  pulse).  This  transducer 
system  response  must  be  removed  In  order  to  Iso¬ 
late  the  flax  scattering  data  for  use  In  the 
Inversion.  In  particular,  the  Incident  pulse  has 
very  little  energy  at  Ion  frequencies  and  at  high 
frequencies.  Because  there  Is  some  noise  present 
In  the  measurements,  a  direct  time-domain  decon¬ 
volution  of  the  measurement  system  response  out  of 
the  measured  signal  Is  vulnerable  to  Instabil¬ 
ities.  Instead,  It  Is  better  to  do  the  signal 
processing  In  the  frequency  domain,  where  It  Is 
possible  to  make  specific  corrections  In  order  to 
desensitize  the  results  to  the  presence  of  noise. 

After  acquisition  of  the  measured  waveform, 
time-domain  signal  conditioning  operations  are 
performed.  The  primary  signal  conditioning  opera¬ 
tion  Is  the  subtraction  of  a  measured  signal  form 
a  flaw  free  region  of  the  same  or  a  similar  part. 
This  subtraction  can  remove,  for  example,  the  tall 
of  a  front  surface  echo  or  the  recovery  of  the 
receiver  from  overload.  Due  to  mechanical  and 
geometrical  uncertainties  In  the  measurement  pro¬ 
cess,  subtraction  usually  does  more  harm  than  good 
at  high  frequencies,  so  that  low  passing  of  the 
subtractive  reference  Is  advisable. 

Detection  of  a  flaw  signal  In  the  received 
waveform  Is  usually  done  simply  by  noting  points 
at  which  the  signal  rises  significantly  above  the 
background  level.  Matched  .Mitering  of  the  mea¬ 
sured  waveform  with  respect  to  a  prototype  flaw 
signal  has  been  explored.  However,  because  flaws 
covering  a  range  of  sizes  and  shapes  are  being 
searched  for  and  because  changes  In  the  size  and 
shape  of  a  flaw  cause  large  changes  In  the  fre¬ 
quency  spectrum  of  the  scattering  from  the  flaw, 
matched  filtering  did  not  produce  a  significant 
Improvement  In  detectability  unless  a  specific 
size  and  shape  flaw  was  being  searched  for. 

For  further  analysis,  the  portion  of  the 
received  waveform  containing  the  flaw  signal  Is 
now  Isolated.  This  Is  done  by  multiplying  the 
waveform  by  a  window  function  of  length  comparable 
to  the  length  of  the  Impulse  response  of  the  flaw. 
A  shaped  window  such  as  a  Hanning  or  Kalser-Bessel 
window  Is  often  a  good  choice.  However,  the  con¬ 
volution  of  such  windows  with  the  spectrum  of  the 
flaw  signal  distorts  the  Important  low  frequency 
portion  of  the  spectrum.  Therefore  a  rectangular 
window  Is  often  used. 

After  frequency  analysis,  the  properties  of 
the  transducer  and  other  measurement  system  com¬ 
ponents  are  deconvolved  out  by  division  of  the 
flaw  spectrum  by  the  spectrum  of  the  measurement 
system  (obtained  from  the  measurement  of  the 
reflection  from  a  flat  surfaced  target).  This 
deconvolution  Is  done  In  a  desensitized  manner  In 
order  to  avoid  noise -dominated  behavior  at  high 
and  low  frequencies  where  the  transducer  has 
Insufficient  energy.  The  algorithm  used  Is  the 
following: 


AxU)/XU) 


where  A  Is  the  estimated  flaw  spectrum,  Ax  Is  the 
spectrum  of  the  measured  signal,  X  Is  the  trans¬ 


ducer  (and  measurement  system)  spectrum,  X-^  Is 
the  peak  value  of  the  transducer  spectrum  and  C  Is 
a  factor  (typical  value  *  0.01)  which  determines 
the  degree  of  desensitization.  Note  that  at  any 
frequency  where  the  transducer  has  very  little 
energy,  a  Is  forced  to  zero  to  avoid  wildly  fluc¬ 
tuating  results.  If  additional  bandwidth  Is 
required,  data  from  several  transducers  can  be 
simultaneously  deconvolved  In  a  noise  resistant 
manner.  This  technique  is  described  alsewhere  In 
this  proceedings.3 

Next,  frequency  domain  signal  conditioning 
can  be  performed.  In  particular,  the  low  fre¬ 
quency  portion  of  the  freauency  spectrum  which  was 
forced  to  zero  by  the  deconvolution  can  be  fit  to 
fz  to  match  the  known  frequency  dependence  of  the 
scattering  from  small  flaws. 

The  location  of  the  center  of  the  flaw  In 
time  must  now  be  determined  before  proceeding  with 
the  Inversion.  This  is  best  done  by  measuring  the 
phase  of  the  low  frequency  (ka  <  0.5)  portion  of 
the  spectrum.  The  slope  of  the  phase  at  low 
frequencies  Is  a  measure  of  the  time  location  of 
the  center  of  the  flaw  with  respect  to  the  time 
coordinate  system  used.  Several  methods  have  been 
developed  for  estimating  this  time  center,  and  are 
described  elsewhere  In  these  proceedings. *  In 
some  cases,  there  may  be  no  data  available  In  the 
measured  signal  at  frequencies  below  ka  *  0.5. 
(Note  that  the  accuracy  of  the  Born  Inversion  will 
begin  to  deteriorate  If  the  minimum  ka  Is  much 
above  0.5).  It  has  been  found  to  be  possible  In 
some  cases  to  empirically  find  the  time  center 
even  when  the  low  frequency  data  Is  not  present. 
One  such  technique  Is  to  select  that  time  center 
which  causes  the  characteristic  function  to  have 
zero  slope  at  zero  radius.  Another  Is  to  measure 
the  estimated  flaw  radius  at  various  assumed  flaw 
center  positions  t  and  select  the  center  position 
by  reference  to  the  radius  vs  x  curve. 

The  characteristic  function  of  the  flaw  Is 
then  calcualted  by  Eq.  (1)  and  the  flaw  radius  Is 
estimated  from  It.  Several  estimators  of  flaw 
radius  were  tried.  The  one  which  was  found  to 
work  best  Is 


a  =  area  under  C(r) 
peak  value  of  C(r7 

This  estimator  Is  Insensitive  to  small  errors 
In  the  determination  of  the  flaw  center  and  per¬ 
forms  remarkably  well  for  Inclusions  which  have 
very  long  and  complicated  characteristic  functions 
due  to  the  internal  sound  paths  within  the 
Inclusions, 

The  results  which  are  presented  below  were 
obtained  using  this  algorithm. 

EXPERIMENTAL  RESULTS 

The  results  of  the  application  of  the  Born 
Inversion  to  a  variety  of  flaws  Is  shown  In 
Table  I.  The  first  group  of  flaws  are  In  T1- 
6A1-4V  and  the  second  group  are  In  hot-pressed 
silicon  nitride.  The  table  lists.  In  addition  to 
the  true  and  estimated  radii  of  the  flaws  In  the 
direction  of  observation,  the  range  of  ka  (l.e., 
frequency)  available  In  the  experiment  and  an 
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RESULTS 


Flaws  In  T1-6A1-4V 


True 

Estimated 

Flaw 

S/N  (dB) 

kam1n 

kamax 

Radius 

Radius 

Conments 

(um) 

(um) 

1. 

Void  Sphere 

10 

.2 

3 

400 

388 

0°  Incidence 

389  +  4 

30°  Incidence 

402  +  4 

52°  Incidence 

2. 

Void  Prolate  415  x  806  pm 

-10 

.5 

2.5 

415 

443 

3. 

Void  Sphere 

20 

#5 

3 

400 

374 

4. 

WC  Sphere 

10 

.5 

3 

400 

325 

5. 

Void  Sphere 

-13 

.6 

2.5 

400 

347 

6. 

Void  Sphere 

10 

1.2 

4.2 

600 

361 

No  low  ka 

7. 

Void  Oblate  390  x  130  pm 

-10 

.6 

1.1 

225 

330 

No  high  ka 

Flaw 

In  S13N4 

True 

Estimated 

Flaw 

S/N  (dB) 

kam1n 

kamax 

Radius 

Radius 

Comments 

(pm) 

(pm) 

1. 

Fe  Sphere 

25 

.6 

4 

200 

190 

2. 

SI  "Sphere" 

Void  ''Sphere" 

10 

.5 

3 

"50" 

38 

Highly  Distorted 

3. 

10 

1.0 

5.5 

250 

180 

No  low  ka 

4. 

Void  "Sphere" 

0 

.5 

2.S 

125 

132 

estimate  of  the  signal -to-nolse  of  the 
measurements. 

The  comparison  between  estimated  and  true 
radius  Is  seen  to  be  good  for  most  of  the  flaws 
and  for  the  others,  the  reason  for  the  error  is 
evident. 

In  the  titanium  samples,  flaws  1-5  are  esti¬ 
mated  to  within  20%.  Flaw  i  was  observed  from 
three  different  angles  of  Incidence.  Flaws  6  and 
7  were  Inspected  with  Insufficient  bandwidth  for 
the  sizes  of  flaw  being  Inspected.  Flaw  6  .j> 
Inspected  with  too  little  low  frequency  energy  and 
so  the  expected  underestimate  resulted.  Similar¬ 
ly,  the  overestimate  of  flaw  7  Is  due  the  avail¬ 
ability  of  too  little  high  frequency  energy. 

In  the  ceramic  specimens,  flaws  1  and  4  are 
accurately  estimated.  Flaw  3  had  Insufficient  low 
frequency  data  and  was  therefore  underestimated. 
Flaw  2  consisted  of  a  diffuse  area  of  mixed 
chemical  makeup  and  there  is  therefore  no  single 
"true"  radius.  However,  the  radius  estimate  Is 
certainly  consistent  with  the  observed  size. 


ACKNOWLEDGEMENT 

This  research  was  sponsored  by  the  Center  for 
Advanced  NDE  operated  by  the  Rockwell  Interna¬ 
tional  Science  Center  for  the  Defense  Advanced 
Research  Projects  Agency  and  the  Air  Force  Wright 
Aeronautical  Laboratories  under  Contract  No. 
F33615-80-C-5004. 

REFERENCES 

1.  0.  H.  Rose  and  J.  A.  Krumhansl ,  "Determination 
of  Flaw  Characteristics  from  Ultrasonic 
Scattering  Data,"  J.  Appl .  Phys.  54(4),  2951- 
2952  (April  1979). 

2.  J.  H.  Rose,  R,  K.  Elsley,  B.  R.  Tittmann, 

V.  V.  Varadan  and  V.  K.  Varadan,  "Inversion  of 
Ultrasonic  Scattering  Data,"  In  Acoustic, 
Electromagnetic  and  Elastic  Wave  Scattering- 
Focus  on  the  T-Matrlx  Approach,  V.  V.  Varadan 
and  V.  K,  Varadan,  eds.,  Pergamon  Press, 
pp.  605-614  (1980). 

3.  R.  K.  Elsley,  L.  Ahlberg  and  J.  Richardson, 
"Low  Frequency  Characterization  of  Flaws  In 
Ceramics,"  these  proceedings. 


394 


( 


SUMMARY  DISCUSSION 


Don  Thompson  (Ames  Laboratory):  On  your  next-to-the-1 ast  slide,  Dick,  what  Is  your  reference  point  of 
saying  -  how  are  you  taking  KA  minimum  and  KA  maximum?  Are  those  zeros? 

'  Dick  Elsley  (Rockwell  Science  Center):  We  know  the  size  of  the  flaw.  And  so  the  frequency  band  for  the 
transducer  gave  decent  data  when  converted  to  K  In  the  numbers  that  we  have  used  for  KA  minimum 
and  KA  maximum. 

Mr.  Schmitz  (Germany):  Let  us  consider  again  the  problem  of  sizing  to  the  problem  of  rattlesnakes,  if 
rattlesnakes  are  traveling  In  pairs,  could  you  do  It,  handle  this  problem,  too?  Learning  pairs 
closely  related  or  different  In  sizes? 

Dick  Elsley:  Doth  problems  would  be  more  difficult.  If  they  are  very  close  together,  we  get  something 
like  a  circumscribed  flaw,  I  think.  To  be  able  to  time  gate  the  two,  of  course,  would  be  a 
very  convenient  way  to  avoid  the  problem. 

Mr.  Schmitz:  In  terms  of  wavelengths,  two  of  the  wavelengths? 

James  Krumhansl ,  Chairman  (NSF):  If  your  upper  KA  Is  less  than  the  separation  K  separation  Instead  of 
KA,  something  like  that,  a  band  width.  There  Is  a  certain  separation,  talking  about  pairs  of 
flaws.  Now  the  critical  sort  of  crossover  In  data  Is  K  times  the  separation.  Ana  If  that's 
much  less  than  one,  you  don't  have  a  chance  of  resolution. 

Dick  Elsley:  If  the  two  flaws  are  the  same  distance  from  the  transducer  and  within  the  beam  of  the 
transducer,  there  will  be  no  way  to  separate  them  there.  If  they're  In  front  of  one  another 
and  you  can  time  gate,  you  will  be  successful. 

Norm  Blelsteln  (Denver  Applied  Analytics):  The  earlier  slide  when  you  were  dealing  with  synthetics,  you 
showed  some  results  from  band  widths  with  a  ratio  of  6  to  1  and  10  to  1.  You  look  at  ratios 
here  and  they  are  nowhere  near  that  ratio.  I  guess  It's  less  than  3  to  1,  the  kind  of  ratios 
we  have  for  KA  minimum  and  KA  maximum.  What  kind  of  estimates  do  you  have  for  synthetics?  Can 
you  run  down  things  like  that? 

Dick  Elsley:  The  curve  that  showed  6  to  1,  10  to  1,  20  to  1,  that  is  where  the  artificial  transducer 
went  out  to  zero.  The  artificial  transducer  Is  a  mathematical  formula,  and  was  Identical  to 
zero.  The  6  to  1  like  that  would  be  something  smaller,  or  5  to  1.  Using  multiple  transducers 
to  get  more  band  width  Is  the  wav  to  get  around  that  problem. 

Norm  Blelsteln:  What  happens  when  It  goes  down  to  3  to  1? 

Dick  Elsley:  If  the  center  frequency  Is  not  around  KA  equal  to  one,  you  will  get  a  series  of 
overestimates. 

William  Reynolds  (Aere  Harwell):  Could  I  ask  If  this  technique  would  be  useful  In  distinguishing  In  the 
case  of  Inclusions  In  silicon  nitride  between  ions,  say,  and  silicon  particles  of  less  than  100 
microns  diameter  when  they  are  less  than  spherical? 

Dick  Elsley:  In  the  ceramics  talk  we  gave  last  year,  we  did  essentially  that.  We  combined  the  Born 

inversion  with  the  low  frequency  measurements,  measuring  the  coefficient  A2  and  got  how  likely 
a  flaw  was  to  be  either  Iron  or  something  else.  In  the  case  of  Iron  aid  silicon,  you  might  be 
able  to  distinguish  just  by  the  sign  of  the  selectea  pulse. 

James  Krumhansl,  Chairman:  Thank  you,  Dick.  Let’s  move  on  to  the  next  paper. 
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RAMP  WAVE  PROCESSING  OF  LONG  WAVELENGTH  ULTRASONIC 
SCATTERING  INFORMATION 


Bill  D.  Cook,  Shelford  Wilson  and  Ronald  L.  McKinney 
Cullen  College  of  Engineering 
University  of  Houston 
Houston,  Texas  77004 


ABSTRACT 

A  method  of  extracting  size  and  orientation  of  flaws,  voids  and  Inclusions,  from  scattered  ultrasonic 
signals  Is  under  Investigation.  The  novel  feature  of  this  method  Is  that  the  time  domain  ramp  function 
response  Is  used  for  Interpretation.  Consider  a  time  domain  ramp  signal  Imposing  on  flaw.  The  spectral 
content  of  this  signal  decreases  Inversely  with  frequency  squared.  The  back-scattered  signal  from  a  void, 
for  example  Increases  with  the  frequency  squared.  As  a  consequence,  the  echo  of  the  ramp  function  from 
the  flaw  Is  rich  In  long  wavelength  Information  whereas  the  short  wavelength  Information  Is  de-emphaslzed. 
The  net  result  Is  that  the  time  domain  ramp  response  has  a  height  proportional  to  cross-sectional  area  of 
the  flaw  and  has  a  length  proportional  to  the  flaw  depth. 

The  results  of  scattering  of  ramp  signals  from  acoustic  targets  Illustrate  the  promise  of  this 
technique. 


SUMMARY  DISCUSSION 


James  Krumhansl ,  Chairman  (NSF):  Mas  There  any  particular  reason  for  choosing  a  ramp  function? 

Bill  Cook  (University  of  Houston):  I'll  tell  you  why.  The  ramp  function,  as  Jim  Rose  mentioned 
had  an  answer  which  was  the  second  derivative  of  this  area  you  go  back  to,  and  the  ramp 
function  does  two  Inversions  for  you. 

James  Krumhansl,  Chal  •man:  Any  other  questions!  Then  thank  you  very  much. 
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ULTRASONIC  RAW  CHARACTERIZATION  IN  THE  RESONANCE  REGION  BY  THE 
BOUNDARY  INTEGRAL  EQUATION  METHOD 


L.  W.  Schim'rr,  Jr.  ,  C,  Siock 
Allies  Laboratory ,  DOE 
Iowa  State  University 
Ames,  Iowa  50011 


ABSTRACT 

When  the  wavelength  of  the  ultrasound  being  used  to  characterize  a  flaw  is  of  the  same  order  of 
magnitude  as  the  flaw  size,  conventional  low  and  high  frequency  scattering  approximations  fail.  In  this 
frequency  range,  called  here  the  resonance  region,  numerical  methods  are  neces-ary.  Here  we  show  that 
one  such  method,  the  Boundary  Integral  Equation  (BIE)  Method,  is  an  effective  tool  for  solving  elastic 
wave  scattering  problems  in  the  resonance  region  provided  some  important  modifications  are  made  in  the 
method  as  used  previously  by  other  authors.  To  illustrate  the  HIE  method,  scattering  from  a  cylindrical 
void  in  two-dimensions  is  considered.  Comparisons  are  given  with  complimentary  analytical  and  experi¬ 
mental  results. 


INTRODUCTION 


With  the  development  of  wide  band  ultrasonic 
equipment  in  recent  years,  much  attention  has  been 
given  to  the  use  of  ultrasonic  spectroscopy 
techniques  to  non-destructively  characterize  the 
physical  properties  of  various  types  of  defects  in 
materials.  However,  little  of  this  data  can  be 
used  quantitatively  until  it  is  coupled  with  ana¬ 
lytical-numerical  techniques  capable  of  predicting 
and  classifying  flaw  scattering  properties.  In  the 
size-frequency  regime  where  the  flaw  size  and 
ultrasonic  wavelengths  are  comparable  (called  here 
the  "resonance"  region),  low  and  high  frequency 
approximations  fail  (1),  (2)  and  one  is  forced  to 
resurl  to  numerical  methods.  The  only  two  methods 
that  currently  appear  viable  for  solving  elastic 
scattering  problems  in  the  resonance  region  are 
the  Transitioi  Matrix  (3),  (4)  and  the  Boundary 
Integral  Equation  (B1E)  Method  (5),  (6).  We  will 
show  that  the  BIE  method  provides  a  very  effective 
method  of  solution  for  elastic  wave  scattering 
problems  in  this  region  providtd  some  important 
modifications  are  made  in  the  standard  BIE 
formulations. 

BIE  Formulation  -  T he  BIE  method  consists  of 
writing  the  solution  to  a  flaw  scattering  problem 
in  terms  of  an  integral  equation  over  the  scat¬ 
tering  surface.  This  integral  equation  is  genera¬ 
ted  using  a  fundamental  singular  solution  (Green's 
Function)  for  the  surrounding  media  and  <s  solved 
numerically  by  subsectioning  the  surface  into 
patches  and  choosing  simple  piecewise  representa¬ 
tions  for  the  unknown  over  these  patches. 


the  stress  vector  are  t !  on  the  surface  S  of  a 
scatterer  whose  outward1 normal  is  £  (fig.  1). 

Point  Q  is  a  point  of  integration  on  S,  and  P  is  a 
general  point  that  can  be  either  interior  to  the 
scatterer,  on  the  scatterer  surface  S,  or  exterior 
to  the  flaw.  In  these  three  cases,  the  value  of 
"a"  in  e.g.  (1)  takes  on  the  value  of  a=o,  a=J, 
or  a  =1 ,  respectively.  The  tensors  U  ,  and  L  ,  are 
related  to  the  fundamental  solution  fbr  an  i£8- 
tropic  elastic  solid  (5),  (7). 


FXTFRIOR'  HOMOCiFNFOUS , 
ISOTROPIC  ELASTIC  MtDIUM 


Fig.  1.  Scattering  geometry 


To  illustrate  the  BIE  formulation  explicitly, 
consider  the  scattering  of  harmonic  elastic  waves 
from  a  flaw  in  two  dimensions  (Fig.  1).  For  this 
case  we  have  (5) 

aUi,(P)=uJNC(P)+/stt"(Q)UnH(Q,p)-T[yQ,P)Ua(0)] 

dS  (Q)  (HR  ,2)  (1) 

whore  II,  is  the  displacement  of  t tie  medium  in  the 
X  , -direction  due  to  an  indent  ultrasonic  wave 
wliose  displacements  are  UI|,|“.  The  components  of 

P 


When  point  P  lies  on  the  surface  S  of  the 
scatterer,  Eq.  (1)  is  an  integral  equation  tor  the 
unknown  stresses  and  displacements  on  that  surface. 
That  equation  can  be  solved  by  breaking  the  sur¬ 
face  into  straight  segments  Sn  (n=l,2...N)  whose 
centroids  are  located  at  points  Pn,  and  assuming 
the  tractions  and  displacements  are  constant,  over 
these  segments.  If  Eq.  (1)  (with  a=})  is  then 
satisfied  at  N  centroidal  points  Pm  (m=l,2...N) 
on  the  surface,  wo  obtain: 
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U,,(P_)/2-U^C(P  )+2n  t'1  (P  )  /  U  „(Q,P  )dS(Q) 

3  m  e  m  n_i  a  '  n'  •lsn  a8  m' 

n  n 

-E  U  (Pn)  j'  I  _  (Q,P  )dS(Q)  .  (2) 

1  a  n  1  sn  a3  m 

Once  the  displacements  or  stresses  are  speci¬ 
fied  on  the  surface,  Eq.  (2)  can  he  ured  to  obtain 
a  set  of  simultaneous  equations  tor  the  remaining 
unknown  surface  quantities.  These  results  and  Eq. 
(1)  (with  a=l)  may  then  be  used  to  obtain  the 
solution  at  any  interior  point  in  the  solid.  For 
example,  if  the  flaw  is  a  void,  the  stresses  are 
zero  on  S  and  Eq.  (2)  becomes 


USNC  (Pm)  <">=1 ,2 - N) .  (3) 

This  is  standard  B I E  formulation  which  has  been 
used  recently  by  Tan  (5),  for  example,  to  solve 
several  elastic  scattering  problems.  However, 
this  method  has  a  serious  deficiency  which  was  not 
mentioned  in  (5).  This  deficiency  is  that  the 
approximate  numerical  solution  [Eq.  (3)]  of  Eq. 

(1)  is  inaccurate  at  certain  characteristic  fre¬ 
quencies.  At  those  frequencies,  non-ze^o  fields 
can  exist  inside  the  flaw  that  do  not  satisfy  Eq. 
(1),  i.e.,  the  left  hand  side  of  Eq.  (1)  is  not 
zero  when  P  is  inside  the  scatterer,  as  it  should 
be.  These  non-zero  fields  inside  S  cause  large 
errors  to  occur  in  the  solutions  obtained  from  Eq. 
(3).  To  see  this  we  have  considered  the  scatter¬ 
ing  problem  of  cylindrical  void  in  an  otherwise 
homogeneous  and  isotropic  elastic  solid  subjected 
to  a  plane  incident  compressional  wave.  Using  a 
BIE  computer  code  based  on  Eqs.  (1)  and  (3),  we 
calculated  the  far  field  radial  displacement  for 
the  scattered  waves  at  a  90°  orientation  from  the 
incident  wave.  The  magnitude  of  this  radial 
displacement  as  a  function  of  frequency  is  sho> 
in  Fig.  2.  In  that  figure  we  see  an  overall  mod¬ 
ulation  as  a  function  of  frequency  together  with 
sharp  peaks  and  dips  (marked  by  arrows  in  Fig.  2). 
These  rapid  variations  are  not  contained  in  the 
exact  solution  to  this  problem  as  can  be  obtained 
from  a  separation  of  variables  solution  (8). 

Similar  extraneous  variations  in  the  frequency 
domain  response  also  appear  in  acoustic  and 
electromagnetic  BIE  formulations  (9)  and  several 
means  to  eliminate  them  have  been  adopted.  One 
method,  which  we  have  used  successfully,  (9),  is 
to  force  the  solution  to  zero  at  a  specified 
number  of  points  inside  the  scatterer,  in  order  to 
better  satisfy  Eq.  (1)  when  point  P  is  inside  S. 
This  introduces  addition  constraints  without  adding 
additional  unknowns  so  the  system  is  then  over¬ 
determined,  becoming: 

n"=1  [amVmn+/sn  C  «>Pm)dS«^W  = 

C  (PJ  (m=l  ,2 ,M)  (4) 

where  am=J  when  miN  and  a^  =  0  when  m>N. 


Fig.  2.  Radial,  far-field  displacement  at  90°  from 
incident  wave,  using  unmodified  BIE 
formulation. 

If  Eq.  (4)  is  now  solved  in  the  least  squares 
sense,  we  have  found  ver,  good  results  can  be  ob¬ 
tained  at  all  frequencies  with  as  few  as  3  extra 
equations.  Figure  3  shows  the  same  solution  as 
Fig.  2  (solid  line)  and  the  solution  to  an  over¬ 
determined  set  of  equations  (squares)  where  Eq. 

(1)  is  satisfied  at  three  arbitrary  points  inside 
the  void.  We  see  the  overdetermined  solution  pass¬ 
es  successfully  through  all  the  artificial  peaks 
and  dips  and,  in  fact,  is  within  several  percent  of 
the  exact  solution.  As  far  as  we  are  aware,  this 
is  the  first  time  that  this  numerical  problem  with 
the  BIE  has  been  compensated  for  in  this  manner  for 
elastic  wave  scattering  problems. 
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Fig.  3.  Radial,  far-field  displacement  at  90° 
from  incident  wave.  Modified  and  un¬ 
modified  BIE  formulations. 

Experimental  Comparisons  -  After  developing  an 
accurate  working  two-dimensional  BIE  computer  code 
based  on  the  modifications  mentioned  above,  we  have 
also  tested  it  against  complimentary  experimental 
data.  For  example,  as  shown  in  Fig.  4,  we  machined 
the  faces  of  an  aluminum  block  at  various  angles 
from  the  top  face  and  placed  a  through-drilled 
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1,59mm  (1/16")  diameter  hole  in  the  center  of  the 
block.  The  transmitter  was  a  10  MHz  Panametrics 
broad-band  compressions!  wave  transducer  that 
always  remained  fixed  in  location  on  the  top  face 
of  the  block  while  a  matching  receiving  transducer 
was  moved  onto  the  various  faces.  Figure  5  shows 
the  digitized  transient  response  obtained  from 
the  receiver  at  angles  of  45°,  90°,  and  135°  from 
the  transmitter.  These  responses  show  two  major 
features:  a  large  front  surface  reflection  (A) 
and  a  smaller  "creeping  wave"  contribution  (B) 
which  has  been  found  previously  by  Sachse  (10). 

This  creeping  wave  contribution  is  basically  a 
grazing  incidence  wave  that  wraps  around  the  sur¬ 
face  of  the  cylindrical  hole,  radiating  in  all 
directions.  Since  the  path  length  and  radiation 
loss  grows  as  the  angle  between  transmitter  and 
receiver  becomes  smaller,  we  expect  that  the 
creeping  wave  contribution  will  become  smaller  and 
more  separated  from  the  front-surface  reflection 
as  the  angle  decreases,  as  in  fact  Fig.  5  demon¬ 
strates.  The  frequency  components  in  the  signals 
cf  Fig.  5  were  computed  using  the  Fast  Fourier 
Transform  capabilities  of  the  data  acquisition  and 
processing  system  shown  in  Fig.  4.  and  the  results 
are  shown  in  Fig.  6  where  we  have  plotted  the  mag¬ 
nitude  of  the  Fourier  transform  of  the  responses 
at  45°,  90°,  and  135°,  respectively.  We  see  a 
distinct  set  of  modulations  in  these  frequency 
spectra,  together  with  an  overall  envelope  which  is 
a  function  of  the  transmitting  and  receiving  trans¬ 
ducer  characteristics.  Using  standard  deconvolu¬ 
tion  techniques  (11)  to  remove  these  transducer 
characteristics,  we  obtained  a  set  of  deconvoluted 
spectra  whose  magnitudes  are  plotted  on  a  smaller 
frequency  scale  in  Fig.  7.  Also  plotted  in  Fig.  7 
is  the  magnitude  of  the  radial  displacement  at  the 
receiving  transducer  location  as  computed  from  the 
modified  BIE  formulation  described  previously.  It 
is  seen  that  within  an  arbitrary  scale  factor,  both 
curves  show  the  same  overall  types  of  modulation, 
except  in  the  low  frequency  region  where  the  decon¬ 
volution  cannot  be  expected  to  be  accurate  since 
there  is  little  energy  content  in  the  incident 
pul se. 
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Fig.  5.  Front  surface  and  creeping  wave  contribu¬ 
tions  at  45°,  90°,  and  135°  from 
transmitter. 


Fig.  6.  Magnitude  of  Fourier  transform  of  tne 
response  ot  45°,  90°,  and  135°  from 
transmitter. 


Fig.  4.  System  configuration. 
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Fig.  7.  Comparison  of  deconvoluted  experimental 
spectral  and  BIE  results. 

One  aspect  of  wave  scattering  experiments  in 
elastic  solids  which  is  not  found  in  analogous 
acoustic  or  electromagnetic  problems  is  the 
phenomena  of  mode  conversion  between  compress ional 
and  shear  wave  disturbances.  Thus,  when  the  inci¬ 
dent  compressional  wave  from  the  transducer  of 
Fig.  4  strikes  the  side-drilled  hole,  both  scat¬ 
tered  compressional  and  shear  waves  arc  generated. 
This  mode  conversion  process,  although  it  makes 
elastic  wave  scattering  problems  more  difficult 
than  similar  acoustic  or  electromagnetic  cases, 
also  offers  the  possibility  of  being  used  to 
extract  additional  information  on  a  flaw's 
characteristics.  These  mode  converted  signals 
were  picked  up  from  the  side-drilled  hole  of  Fig. 

4  with  a  5MHz  Parametrics  shear  wave  transducer, 
producing  the  transient  response  shown  in  Fig.  8 
when  the  receiving  shear  wave  transducer  is  at  90° 
from  the  transmitter.  The  frequency  components  of 
this  signal  were  obtained  and  deconvolved  to  pro¬ 
duce  the  spectrum  shown  in  Fig.  9.  In  Fig.  9, 
the  magnitude  of  the  far-field  tangential  displace¬ 
ment  at  the  receiving  transducer  location  is  also 
plotted  from  the  results  of  our  8IE  code.  Again, 
the  comparison  between  the  experimental  and 
numerical  results  is  very  good  to  within  an  arbi¬ 
trary  scale  factor. 
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Fig.  8.  Scattered  shear  waves  at  90°  from 
compressional  wave  transmitter. 

Concluding  Remarks  -  The  strength  of  the  BIE 
approach  lies  in  the  fact  that  it  is  capable  of 
handling  complex  flaw  geometries  and  of  working 
effectively  in  the  resonance  region  where  other 
methods  fail.  With  some  modification,  the  model 
presented  here  can  also  be  applied  to  three- 
dimensional  voids,  inclusions,  and  cracks  and  to 
surface  and  near-surface  flaws  as  well.  Currently, 
efforts  are  underway  to  make  these  modifications 
and  extensions  of  the  technique.  Perhaps  the 
single  major  disadvantage  of  the  BIE  method  is  that 
it  must  obtain  a  separate  solution  for  each  fre¬ 
quency.  Thus,  over  a  wide  range  of  frequencies, 
many  solutions  are  needed.  However,  BIE  solutions 
are  within  the  capability  of  many  dedicated 
minicomputer  systems  currently  on  the  market,  so 
that  this  limitation  can,  to  some  extent,  be  over¬ 
come  without  incurring  excessive  computer  time 
costs.  In  fact,  all  the  results  obtained  in  this 
paper  were  computed  on  the  microcomputer  based  data 
acquisition  and  processing  system  of  Fig.  4. 
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Fig.  9.  Comparison  of  experimental  and  BIE 

results  for  the  scattered  shear  wave. 
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SUMMARY  DISCUSSION 


Jim  Rose  (University  of  Michigan  [now  Ames  Laboratory]):  Essential  reduction  In  the  number  of  terms  In 
your  matrix  over  the  T-matrlx? 

Lester  Schmerr  (Iowa  State):  You're  asking  are  the  matrices  used  smaller? 

Jim  Rose:  Can  you  get  as  good  results  resolution  as  their  results  with  essentially  smaller  matrices? 

Lester  Schmerr:  I  have  not  done  a  direct  comparison,  but  I  think  probably  the  order  of  magnitude  Is 
pretty  much  similar.  What  you  need  here  Is  about  10  elements  per  wavelength  to  do  a  good 
job.  By  a  good  job  I  mean  within  a  couple  percent  of  the  exact  solution.  So  If  you  translate 
that  up  into  whatever  ka  value  that  you  want,  I  think  the  methods  come  out  fairly  comparable. 

Vasundara  Varadan  (Ohio  State):  I  wish  to  make  some  comments.  The  first  problem  that  you  showed  that 
had  the  interior  resonances  In  the  scattered  data  was  an  exact  boundary  integral  solution,  but 
when  you  introduced  an  extra  point  which  is  ir  ne  Interior  of  the  scatterer,  what  you  did  Is 
exactly  the  T-matrlx  method,  using  the  extension  thecrum.  So  what  you  have  really  done  Is  the 
T-matrix  calculation  using  local  basis  function  rather  than  global  functions,  which  Is  the 
method  I  used  when  I  shewed  the  stress  concentration  factor  results.  One  might  also  profit 
from  looking  at  the  electromagnetic  literature.  They  don't  call  It  the  boundary  method  there, 
but  the  moment  method.  They  were  alvys  plagued  by  the  Interior  resonances,  but  they  have 
found  ways  of  getting  around  that  pr<  lorn.  I  '-..n't  know  how  complicated  they  are,  but  they 
have  found  ways  cf  getting  around  that  calci.  -Ion.  But  the  last  calculation  you  showed  is  the 

T-matrlx  function,  using  local  basis  functlo 

Lester  Schmerr:  I  mentioned  there  are  other  ways  of  handling  that  problem  of  the  fictitious 

resonances.  You  can  modify  the  integral  equation  that  you  start  out  with,  and  you  yet  an 
integral  equation  which  you  can  show  is  unique  at  all  frequencies,  even  the  frequencies  of  the 
interior  problem,  the  complementary  problem  -  that's  been  done  In  the  electromagnetic  and 
acoustic  cases  and  worked  there,  so  I  don't  see  any  reason  why  it  wouldn't  work  here. 

But  you  end  up  dealing  with  more  complicated  expressions,  so  I  think  It's  more  convenient  to  do 
it  this  way. 

James  Krumhansl ,  Chairman:  Opsal. 

Jon  Opsal  (Lawrence  Livermore  Laboratory):  I  don't  know  if  I  have  the  right  picture  of  the  problem,  I 
feel  like  I'm  missing  something.  You  said  that  the  field  inside  the  void  In  a  solid  material 
and  fields  inside  the  void  ought  to  be  zero,  at  least  the  displacement  fields? 

Lester  Schmerr:  Yes. 

Jon  Opsal:  What's  the  reason  for  that?  There  is  nothing  in  the  boundary  condition  that  show  they 
vanished,  and  if  I  just  move  inside  - 

Lester  Schmerr:  The  integral  relationships  tell  you  it  should  be  zero. 

James  Krumhansl,  Chairman:  The  sum  of  the  two  terms  should  be. 

Lester  Schmerr:  You  basically  cancel  off  the  incident  wave. 

i 

Jon  Opsal:  It  has  to  be  cancelled  by  the  scattered  field.  I'm  thinking  of  the  scattered  field. 

Lester  Schmerr:  The  scattered  field  is  the  negative  of  the  Incidence.  As  a  matter  of  fact,  if  you 
calculate  the  displacements  at  an  interior  point  Ir.-.ide  the  void  when  you're  away  from  these 
interior  resonances,  you  get  something  like  1  percent  of  10  percent  or  less  than  your  incident 
wave.  But  as  soon  as  you  get  near  the  resonance,  it  becomes  the  same  order  of  magnitude. 
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John  Richardson  (Science  Center):  Suppose  you  have  a  very  tenuous  Inclusion  Instead  of  a  void.  Suppose 
you  take  a  limit  of  the  inclusion  that  essentially  becomes  Increasingly  tenuous. 

Lester  Schmerr:  The  Inclusion  will  have  a  real  resonance. 

John  Richardson:  Then  you  let  the  Inclusion  become  Increasingly  tenuous  until  It  becomes  a  vacuum.  You 
end  up  with  a  finite  displacement  field  Inside. 

Lester  Schmerr:  I  have  not  seen  anyone  use  that  limiting  process.  That  might  be  possible. 

James  Krumhansl ,  Chairman:  Vlsscher. 

William  Visscher  (Los  Alamos  Scientific  Laboratory):  What  do  you  do  about  the  problem  of  singularity  In 
fields? 

Lester  Schmerr:  That's  a  good  point.  In  doing  the  Integrations,  you  have  to  evaluate  them  as  principal 
value  Integrals,  but  because  you  h^ve  an  explicit  expression  for  the  singularity,  you  can  do 
the  principal  value  Integrations  exactly. 

William  Vlsscher:  I  can  see  how  that  will  work  If  you  have  certain  symmetries,  but  for  generally  shaped 
surfaces? 

Lester  Schmerr:  It  doesn't  depend  on  what  the  symmetry  Is  because  you  locally  have,  basically,  a  flat 
element  and  you  have  the  Green's  Function  for  the  infinite  media. 

James  Krumhansl,  Chairman:  The  approximation  Is  essentially  a  flat  element.  Each  one  of  those  elements 
are  treated  In  that  way. 

Lester  Schmerr:  Yes. 

Vasundara  Varadan:  I  have  one  more  comment  to  make  regarding  computing  complex  resonances.  We  have,  in 
fact,  used  some  of  these  T-matrlx  Ideas  and  calculated  the  resonance  frequency  for  an  oblate 
spheroid,  elastic  one.  Immersed  in  water.  And  these  calculations  are  very,  very  expensive.  We 
are  searching  all  over  for  the  complex  plane  for  these  resonance  frequencies.  What  we  found 
when  we  looked  at  complex  resonance  frequencies  reflected  in  the  form  function  of  the  scattered 
field  amplitude  as  a  function  of  frequency  was  that  the  resonances  that  are  really  deep  in  the 
complex  plane  do  not  show  up  In  the  product  of  the  scattering  cross  section  as  a  function  of 
frequency.  And  we  found  It's  only  those  resonance  frequencies  that  have  a  real  part  quite  near 
the  real  axis  that  are  important.  In  fact,  people  at  the  Naval  Research  Laboratory,  without 
any  justification,  have  beer,  doing  these  types  of  calculations  for  a  long  time.  They  can 
predict  the  resonant  frequencies  of  many  arbitrary  shaped  obstacles  quite  nicely,  but  what,  in 
fact,  they  are  predicting  are  only  those  frequencies.  And  they  can  pick  those  up  quite  easily 
from  the  scattering  cross-section  as  a  function  of  Ka. 

Lester  Schmerr:  Can  I  make  a  point  here?  It  is  very  expensive  If  you  try  to  do  any  locating  of  these 
resonances  In  a  complex  frequency  plane.  There  Is  a  method  called  Prony's  where  you  can 
extract  those  directly  from  time  response,  A-scan  response.  That's  much  less  expensive.  If  It 
works. 

Unidentified  Speaker:  We  find  it's  very  sensitive  to  the  number  of  elements  you  use  In  Prony's 
method. 

Lester  Schmerr:  We  have  tried  that  In  a  one-dimensional  natural  scattering  system,  and  it  does  work 
pretty  well.  You  have  to  be  careful  when  you  go  from  electromagnetic  and  acoustic  to  these 
problems  here.  Noise  levels,  for  example,  are  different,  especially  underwater  acoustics,  for 
example.  They  are  terrible.  So  - 

James  Krumhansl,  Chairman:  We'll  move  on.  Very  stimulating  talk,  obviously. 
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ABSTRACT 

Adaptive  Learning  Networks  (ALNs)  are  algebraic,  nonlinear  multinomials  whose  structure  and  coefficients 
are  learned  from  empirical  data.  Over  the  past  several  years,  their  application  to  quantitative  NDE 
problems  has  become  widespread.  The  major  advantage  of  the  ALN  approach  is  that  only  a  modest  data  base 
of  experiments  is  needed,  from  which  the  ALN  models  can  be  trained.  In  this  work,  ALNs  are  used  as  a 
nonlinear,  empirical  inversion  procedure  for  various  defect  geometries.  Measurements  from  a  sparujly- 
populated  ultrasonic  transducer  array  are  input  to  the  ALNs  which  estimate  the  defect  characteristics. 
The  defects  considered  are  (1)  elliptical  cracks,  (2)  irregular-shaped  voids,  and  (3)  surface-breaking 
semielliptical  cracks.  The  models  are  synthesised  from  theoretically-generated,  forward-scattering 
data,  then  evaluated  on  actual  experimental  data  recorded  from  titanium  and  carbon  steel  samples.  The 
advantage  of  using  theoretical  data  to  train  the  models  is  that  ultrasonic  responses  can  be  generated 
quickly  and  inexpensively  in  a  digital  computer,  thereby  avoiding,  or  greatly  minimising,  the  expense  of 
calibration  sample  fabrication.  The  sise  and  orientation  estimates  for  the  experimental  evaluation  are 
in  excellent  agreement  with  the  true  defect  characteristics. 


1.  SUMMARY  OF  RESULTS,  CONCLUSIONS, 

AND  RECOMMENDATIONS 

RESULTS 

Du-ing  this  year's  effort.  Adaptive  Learning  Net¬ 
works  (ALNs)  were  synthesised  to  estimate  the  sise 
and  orientation  of  elliptical  cracks  and  to  esti¬ 
mate  the  depth  of  free-surface  cracks.  Other 
objectives  were  to  evaluate  the  oblate  spheroid 
models  developed  last  year  on  extrapolative  data, 
and  to  catalog  all  important  models  synthesised  to 
date  under  the  DARPA /AFML  program.  Table  1.1  sum¬ 
marizes  the  performance  of  each  of  these  models  on 
theoretically  generated  training  data. 

TABLE  1.1:  ALN  MODEL  PERFORMANCE  SUMMARY 


Estimated 

Relative 

Defect  Type 

Parameter 

Error 

Elliptical  Crack 

Sea.im.lnor  Axis  (A) 

22% 

Elliptical  Crack 

Semimajor  Axis  (B) 

m 

Elliptical  Crack 

Polar  Angle  (a) 

5t 

Elliptical  Crack 

Azimuthal  Angle  ((5) 

10% 

Elliptical  Crack 

Rotation  (Y) 

21% 

Free-Surface  Crack. 

Depth 

6% 

Oblate  Spheroid 

Minor  Radii  (A) 

9% 

Oblate  Spheroid 

Major  Radii  (B) 

8% 

Oblr.te  Spheroid 

Polar  Angle  (a) 

5% 

oblate  Spheroid 

Azimuthal  Anqle  (B) 

1% 

1  Crack  vs •  Void 

Defect  Type 

0% 

The  error  of  each  of  these  models,  when  evaluated 
on  experimentally  recorded  data,  were  very  similar 
to  the  errors  based  on  theoretical  data. 

It  was  found  that  the  "ripple  frequency"  feature 
of  the  power  spectrum  contained  considerable 
information  about  the  size  of  elliptical  and  free- 
surface  cracks.  The  low  frequency  energy  content 
was  found  to  be  indicative  of  size  for  the  void 
defects.  The  spatial  distribution  of  total  power 
was  key  In  estimating  the  orientation  for  both 
crack  and  void  defects.  The  standard  deviation  of 


the  power  spectrum  was  an  important  feature  in 
discriminating  cracks  from  voids. 

The  oblate  spheroid  models  were  evaluated  on  four 
defect  types,  none  of  which  were  included  in  tre 
training  data  set.  These  defoct  types,  along  with 
the  qualitative  estimates  of  how  the  models  per¬ 
formed  in  estimating  their  size  and  orientation, 
are  summarized  in  Table  1.2. 

TABLE  1.2:  SUMMARY  OF  OBLATE  SPHEROID 
ALN  MODEL  PERFORMANCE  ON 
EXTRAPOLATION  DATA 


Defect  Type 

Estimate 

Size 

Estimate 

Orientation 

Prolate  Spheroid 

Excellent 

Excellent 

Grooved  Oblate 

Good 

Good 

Sphere  with  Ring 

Fair 

Good 

Lumpy  Sphere 

Fair 

Poor 

The  "good"  and  "excellent"  estimates  on  the 
prolate  and  grooved  oblate  spheroids  demonstrate 
the  extrapolative  qualities  of  the  ALN  solution. 
The  less  favorable  estimates  on  the  sphere  with 
ring  and  lumpy  sphere  indicate  the  need  to  develop 
a  generalized  solution  for  complex  shapes.  Sec¬ 
tion  5  presents  both  a  graphical  and  a  numerical 
presentation  of  the  estimated  defect  sizes  and 
orientations. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  inversion  of  various  crack  and  void  defect 
types,  as  listed  in  Table  1.1,  can  be  achieved 
with  a  high  degree  of  accuracy  via  ALN  modeling 
techniques.  Additionally,  these  models  perform 
well  when  evaluated  on  defect  types  unseen  during 
the  modeling  synthesis.  The  param-^-rs  estimated 
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for  voids  (A,  B,  a,  and  ft)  may  not  have  been  fully 
adequate  to  estimate  the  more  complex  defect 
shapes  like  the  lumpy  sphere.  It  is,  therefore, 
recommended  that  a  more  sophisticated  parameter 
set  for  complex  shapes  be  determined  in  future 
efforts. 

Both  two-dimensional  and  three-dimensional 
versions  of  Achenbach's  free-surface  forward¬ 
scattering  theory  for  semielliptical  cracks  were 
investigated  in  this  effort.  A  favorable  match 
was  obtained  between  theory  and  experiment  for  the 
two-dimensional  case  only.  Consequently,  the  2-D 
theory  was  used  for  data  base  generation.  The  3-D 
theory  should  be  compared  against  more  experimen¬ 
tal  data  as  they  become  available. 

The  Weiner  method  for  deconvolving  the  transducer 
reference  from  the  experimental  ultrasonic  data  is 
an  optimum  procedure.  This  method  was  employed  to 
deconvolve  all  of  the  experimental  analyzed  data 
and  the  process  was  extremely  stable. 

The  hexagonal  array  used  in  this  work  provided 
uniform  coverage  of  the  spheroid  trailer-hitch 
samples  over  a  wide  aperture  with  a  minimum  number 
of  elements*  This  array  structure  can  also  be 
extended  to  more  common  part  geometries. 

Calculation  of  the  "ripple  frequency"  was  accom¬ 
plished  by  computing  the  power  spectrum  on  a  power 
spectrum  after  subtraction  of  the  spectral  enve¬ 
lope.  The  envelope  subtraction  was  essential  to 
remove  the  low-quefrency  trend  in  the  first  spec¬ 
trum.  This  method  yielded  consistently  good 
results  for  both  the  theoretical  and  experimental 
data. 

The  forward-scattering  theory  for  the  elliptical 
crack  was  further  verified  by  comparison  to 
experimental  data. 

Before  further  inversions  of  complex  cracks  and 
voids  are  pursued,  a  mathematical  means  for  repre¬ 
senting  these  shapes  must  be  defined.  Estimation 
of  simple  parameters  such  as  A,  B,  a,  and  ft  for 
complex  voids  seems  to  have  yielded  only  marginal 
results.  One  recommendation  for  future  work  is  to 
estimate  the  coefficients  on  a  spherical  harmonic 
expansion.  There  are,  however,  other  ways  for 
representing  complex  shapes  in  space,  and  the 
method  which  offers  the  highest  correlation  be¬ 
tween  the  scattered  ultrasonic  field  and  the 
defect  parameter  should  be  used.  Once  this  mathe¬ 
matical  structure  is  defined,  a  more  ubiquitous 
ALN  inversion  model  should  be  derived  which 
performs  on  both  simple  and  complex  shapes  and 
possibly  cracks  as  well  as  voids. 

2.  INTRODUCTION 

Adaptronics  became  a  contributor  to  the  Interdis¬ 
ciplinary  Program  for  Quantitative  Flaw  Definition 
in  1976  after  the  Second  Year  Effort.  During  the 
first  three  years,  ALNs  were  successfully  applied 
to  the  investigation  of  simple  geometries  such  as 
spheroidal-shaped  voids  and  elliptical  crack  de¬ 
fects,  both  in  free  space  [1,  2,  3).  The  ALN 
models  were  trained  directly  from  theoretically 
generated  data  and  evaluated  in  blind  tests  on 
experimentally  recorded  defect  samples. 

In  the  present  effort,  more  realistic  defect  geom¬ 
etries  have  been  considered.  A  free-surface  crack 


model  has  been  obtained  which  measures  the  depth 
of  surface-connected  cracks.  Also,  last  year's 
oblate  spheroid  ALN  models  were  evaluated  this 
year  with  several  complex-shaped  defects  to  deter¬ 
mine  their  extrapolative  qualities.  These  defect 
shapes  included:  (1)  the  sphere  with  ringj  (2) 

lumpy  spheres  (3)  grooved  oblate  spheroid;  and 
(4)  the  prolate  spheroid.  Additionally,  the 
elliptical-crack  ALN  models  from  last  year  were 
retrained  to  include  "Y"  the  third  orientation 
parameter.  In  last  year's  effort,  this  angle  was 
assumed  to  be  zero.  A  section  summarizing  all 
inputs  and  ALN  models  synthesized  under  the 
DARPA/AFML  project  is  included  in  this  report. 

As  in  the  previous  three-yeai  effort,  the  ALN 
models  were  trained  on  theoretically  generated 
forward-scattering  data  and  the  inversion  algo¬ 
rithms  evaluated  on  both  theoretical  and  experi¬ 
mentally  recorded  data. 

The  advantage  of  training  the  ALN  models  with 
theoretical  data  is  that  the  scattered  field  from 
many  defect  geometries  can  be  produced  quickly  and 
at  a  fraction  of  the  cost  of  what  is  required  to 
fabricate  physical  defect  calibration  specimens. 
The  theoretical  data  have  the  added  advantage  of 
being  noise-free.  Ultimately,  as  the  theories 
become  more  sophisticated,  mimicking  complicated 
defect  shapes,  surface  roughness,  multiple  de¬ 
fects,  and  flaws  in  the  vicinity  of  geometrical 
reflectors,  data  bases  for  field  and  industrial 
use  can  be  generated  entirely  in  a  digital  com¬ 
puter.  This  data  base  can  always  be  augmented 
with  experimental  data  from  real  flaws  as  it 
becomes  available.  The  ultimate  goal  of  Adap¬ 
tronics,  with  regard  to  the  Interdisciplinary 
Program,  is  to  develop  a  generalized  ALN  model 
which  can  be  used  to  invert  either  simple  or  com¬ 
plex  shapes  without  the  need  to  retrain  the  model 
each  time  a  new  defect  category  is  considered. 
Recent  advances  in  ♦-he  development  of  accurate 
forward-scattering  theories  allow  this  goal  to  be 
entirely  achievable  in  the  very  near  future. 

A  block  diagram  illustrating  the  overall  Adaptron¬ 
ics  project  philosophy  is  shown  in  Figure  2.1. 

The  forward-scattering  theories  which  generated 
the  theoretical  training  data  bases  were  provided 
by  J.  Achenbach,  et  al.,  and  V.  Varadan,  for 

crack-defects  and  void-defects,  respectively.  An 
ALN  synthesis  program  inputted  the  theoretical 
data  bases  to  produce  the  ALN  models.  These 
models  were  evaluated  on  both  theoretical  and 

experimental  data.  All  experimental  data  were 
recorded  by  J.  Martin  of  the  Rockwell  Science 

Center.  Other  contributors  were  E.  Domany,  H.  Mc- 
Maken,  A.  Norris,  and  B.  Tittman, 


3.  DEVELOPMENT  OF  ELLIPTICAL 
CRACK  MODELS 

DEFECT  GEOMETRY 

An  elliptical-shaped  crack  oriented  at  an  arbi¬ 
trary  position  in  space  can  be  represented  by  two 
radii  (A  and  B) ,  and  three  orientation  parame¬ 
ters  (a,  ft  ,  and  y  )  • 

For  the  purposes  of  this  study,  we  assumed  these 
parameters  to  be  defined  as  follows: 
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A  -  Radius  of  the  minor  axis 
D  -  Radius  of  the  major  axis 
a  -  First  Euler-angle  rotation 
£  -  Second  Euler-angle  rotation 
y  -  Third  Euler-angle  rotation 

The  Euler-angle  rotations  are  defined  in  Figure 
3.1.  The  first  rotation  is  around  the  2-axis;  the 
second  rotation  is  around  the  new  major  axis  (line 
of  nodes);  and  the  third  rotation  is  around  the 
defect  normal. 

The  Euler  rotations  are  taken  to  be  in  the  posi¬ 
tive  counterclockwise  direction,  and  when  all 
three  angles  are  zero,  the  major  axis,  B,  is 
assumed  to  lio  along  the  positive  X  direction,  and 
the  minor  axis,  A,  is  assumed  to  lie  along  the 
positive  Y  direction.  This  defines  a  right-handed 
coordinate  system  in  which  the  normal  to  the  de¬ 
fect  (M  in  Figure  3.1)  lies  along  the  Z-axis. 
This  vertical  axis  also  defines  the  center  posi¬ 
tion  of  the  receiver. 

ARRAY  CONFIGURATION 

A  19-element  hexagonal  array  was  used  to  measure 
the  scattered  field.  This  array  is  illustrated  in 
Figure  3.2.  The  transducer  angular  positions  are 
defined  in  Table  3.1.  Data  were  recorded  in  the 
pitch-catch  mode  with  the  center  element  acting  as 
the  transmitter.  All  19  elements  served  as  re¬ 
ceivers.  Only  the  L-+I»  mode  responses  were  con¬ 
sidered.  The  ittode-converted  shear  wave  response 
was  gated  out  of  the  recorded  echo  transients. 
The  19  receivers  formed  a  120°  cone-shaped  aper¬ 
ture  with  the  transmitter  at  the  cone  center. 

For  the  theoretical  data,  the  scattering  ampli¬ 
tudes  were  generated  at  the  19  positions  given  in 
Table  3.1  for  each  defect  specified.  This  pro¬ 
vided  19  different  "views"  of  the  elliptical  crack 
over  a  wide  aperture.  The  defect  was  assumed  to 
be  positioned  at  the  origin.  A  hexagonal ly-spaced 
array  is  advantageous  since  all  elements  are 
equally  spaced.  On  the  surface  of  a  sphere,  each 
element  is  exactly  30°  from  its  adjacent  elements. 

THEORETICAL  DATA  BASE 


A  computer  code  representing  a  far-field  approxi¬ 
mation  to  the  geometrical  theory  of  diffraction 
has  been  developed  by  Northwestern  University  for 
use  by  Adaptronics  in  calculating  estimates  of  the 

TABLE  3.1:  RECEIVER  ORIENTATION  ANGLES 


R*c*iv«r  Kuabar 

Volar  An<jia  “0" 
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90 
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power  spectrum  recorded  at  a  particular  location 
where  an  input  ultrasonic  signal  is  diffracted 
from  a  defect  of  specified  geometry.  The  deriva¬ 
tion  of  this  model  has  been  discussed  extensively 
and  has  been  shown  to  be  in  favorable  agreement 
with  experiment*. 1  results  [4,  5]  . 

Theoretical  power  spectra  corresponding  to  longi¬ 
tudinal  mode  scattering  were  generated  at  each  re¬ 
ceiver  point  in  the  19-element  array  using  the 
pitch-catch  operating  mode  with  the  transmitter 
located  at  the  center  of  the  array.  A  total  of 
22,680  possible  experiments  were  considered  and 
are  identified  in  Table  3.2.  To  reduce  repetition 
in  the  data,  a  random  number  generator  was  used  to 
randomly  select  7  percent  of  the  22,680  possible 
experiments.  This  resulted  in  the  generation  of 
1,625  actual  cases,  broadly  distributed  across  the 
values  listed  in  Table  3.2.  Synthetic  spectra 
were  obtained  for  14  different  defect  sizes  (A  and 
B),  9  different  values  of  a*  15  different  values 
of  3,  and  12  different  values  of  Y*  The  frequen¬ 
cy  band  of  interest  was  from  1.0  to  9.0  MHz  with  a 
frequency  resolution  of  0.20  MHz.  The  correspond¬ 
ing  ka  range  of  the  data  was  from  0.31  to  22.3. 

EXPERIMENTAL  DATA  BASE 


The  experimental  data  for  training  -he  theoreti¬ 
cally  trained  ALN  models  were  collected  at  the 
Rockwell  Science  Center  from  a  set  of  known  speci¬ 
mens.  Defects  were  machined  at  the  center  of 
titanium  hemispheres,  which  were  then  diffusion- 
bonded  together  to  form  a  sphere.  The  receiver 
array  shown  in  Figure  3.2  was  placed  on  the  sphere 
surface.  The  sample  was  rotated  to  simulate  vari¬ 
ous  defect  orientations.  For  a  comparison  of 
theory  and  experiment,  and  for  verification  of  the 
ability  of  ALNs  to  accurately  predict  sizes  and 
orientations,  four  experiments  were  analyzed.  The 
four  included  three  separate  orientations  of  an 
elliptical  yttria  disk  of  dimensions  1.285  milli¬ 
meters  x  0.705  millimeters  with  a  thickness  or 
depth  of  less  than  0*050  millimeters,  and  one 
orientation  of  a  cylindrical  yttria  disk  of  1.425 
millimeters  x  1  .425  millimeters,  with  a  depth  of 
less  than  0.050  millimeters.  The  four  experiments 
are  summarized  in  Table  3.3.  Figures  3*3  and  3.4 
depict  the  geomutry  of  the  two  defects. 

DECONVOLUTION 


Deconvolution  of  ultrasonic  signals  is  necessary 
to  remove  the  specific  transducer  characteristics 
and  to  expand  the  data  bandwidth.  This  is  accom¬ 
plished  by  dividing  the  complex  spectrum  of  the 
data  by  a  complex  reference  spectrum.  The  problem 
with  a  division  is  that  it  often  leads  to  insta¬ 
bility  in  the  quotient  function  near  the  band 
limits.  A  We  Lner  deconvolution  process  was  used 
in  this  work: 


D(f) 

where 
D(f) 
X(f) 
R(f ) 
R*(f) 
N(f ) 


lR(f)|Z+  |N(f ) | 2 

complex  deconvolved  spectrum 
complex  data  spectrum 
complex  reference  spectrum 
complex  conjugate  of  R 
noise  spectrum 


In  most  applications,  the  noise  spectrum  is  fairly 
uniform  at  all  frequencies,  hence,  |N(f)|  can  be 
replaced  with  a  constant  factor  Me". 


•  *oth  Tr*n»Bit  and 


This  method  has  recently  been  tested  on  ultrasonic 
crack  data.  The  results  were  quite  satisfactory. 
Figure  3.5  shows  the  power  spectrum  of  a  pulse- 
echo  waveform  (a );  a  reference  spectrum  (b);  and 
three  deconvolved  spectra  (o,  d,  and  e)  where 
Equation  (3.1)  was  applied  for  three  values 
of  (  G  *  0.0,  0.1,  and  0.2  times  the  peak  refer¬ 
ence  power  spectrum).  When  G  =  0,  the  Weiner 
method  becomes  a  simple  division.  Note  how  stable 
the  deconvolved  spectra  are  for  G  *  0.1  and  G  = 
0.2,  Also  note  the  tendency  toward  instabilities 
when  G  *  0.  All  experimental  data  were  decon¬ 
volved  using  the  Weiner  filter. 


This  method  yielded  consistently  good  ripple 
frequency  estimates  for  both  the  theoretical  and 
experimental  data;  Figure  3.7  illustrates  this 
process.  The  ripple  frequency  (t  )  has  the  units 
of  time.  This  can  be  converted  to  a  distance 
measure  by  multiplying  by  the  longitudinal  wave 
propagation  velocity. 

The  20  spatial  features  computed  from  both  the 
total  spectral  power  and  the  ripple  frequency  are 
defined  in  Table  3.4.  The  first  nine  features  are 
the  coefficients  of  the  generalized  three-dimen¬ 
sional  second-order  surface: 


COMPARISON  OF  THEORY  AND  EXPERIMENT 


The  theoretical  elliptical-crack  forward-scatter¬ 
ing  model,  provided  by  Achenbach  and  McMaken, 
yielded  a  far-field  physical  elastodynamic  approx¬ 
imate  solution  valid  in  the  high  ka  regime  (ka  >> 
1).  Successful  comparisons  of  theory  and  experi¬ 
ment  have  been  provided  in  several  other  works  [4, 
51  .  The  most  dominant  characteristics  of  the 
scattered  power  spectrum  is  the  successive  pattern 
of  peaks  and  troughs  occurring  at  a  single  rate 
which  shall  be  called  the  "ripple  frequency."  The 
rippling  is  caused  by  interface  patterns  due  to 
the  delayed  arrivals  of  the  diffracted  waves  from 
the  near  and  far  edge  of  the  crack.  The  ripple 
frequency  was  found  to  be  the  single  most  impor¬ 
tant  feature  for  determining  crack  size. 

In  comparing  the  theoretical  spectra  to  the  exper¬ 
imental  data  collected  by  Rockwell,  several  cases 
were  in  close  agreement  with  regard  to  the  ripple 
frequency.  This  is  seen  in  Figure  3.6  where  tne 
parameters  of  each  experiment  are  listed.  The 
major  notable  difference  between  the  two  spectra 
types  is  that  the  experimental  data  are  attenuated 
in  the  higher  frequencies.  However,  no  action  was 
taken  in  the  present  work  to  correct  this  defi¬ 
ciency  since  the  causes  of  the  attenuation  are  not 
completely  known. 

For  as  many  cases  which  compared  favorably,  there 
were  at  least  as  many  cases  which  compared  poorly. 
This  fact  is  associated  with  the  difficulty  in 
fabricating  controlled  defect  samples  and  in  col¬ 
lecting  noise-free  ultrasonic  data. 

FEATURE  EXTRACTION 


The  ALN  synthesis  process  requires  that  candidate 
features  be  computed  from  each  of  the  training 
experiments.  In  developing  the  model,  the  train¬ 
ing  algorithm  determines  which  features  are  sig¬ 
nificant,  the  weighting  coefficients,  and  the 
nonlinear  multinomial  structure.  Unimportant 
features  are  automatically  discarded  from  consid¬ 
eration. 

Two  spectral  features  were  computed  from  each  of 
the  19  receiver  power  spectra.  These  were  the 
total  power  between  1.0  and  9.0  MHz  and  the  ripple 
frequency.  From  each  spectral  feature,  a  group  of 
20  spatial  features  were  computed  over  the  19  re¬ 
ceiver  locations.  A  total  of  40  candidate  fea¬ 
tures  were  therefore  available  for  ALN  synthesis. 

The  ripple  frequency  was  determined  by  taking  a 
power  spectrum  of  the  power  spectrum  and  noting 
the  position  of  the  maximum  peak.  The  envelope 
was  subtracted  from  the  first  power  spectrum  to 
suppress  the  dominant  low-quefrency  artifact. 


2  2  2 

w.x  +  w.y  +  w_z  +  w,xy  +  w_xz 
12345  (3.2) 

+  w6yz  +  w_,x  +  w8y  +  wgz  =  1 

which  best  fit  through  each  of  the  19  receiver 
locations.  The  method  of  least  squares  was  used 
to  determine  the  w's.  Features  #10,  11,  and  12 
are,  respectively,  the  x,  y,  and  z  components  of 
the  moment  vector  of  the  19  observations,  which  is 
characteristic  of  the  polar  orientation  of  the 
crack.  The  four  arctangent  features  (13-16)  fur¬ 
ther  characterize  the  orientation  of  the  defect, 
and  the  last  four  features  are  the  four  invariants 
of  the  second-order  surface,  given  by  the  follow¬ 
ing  equations: 
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Mathematically,  the  invariant  features  are  insen¬ 
sitive  to  rotations  of  the  measured  field.  There¬ 
fore,  these  features  should  have  been  good  size 
estiirators.  However,  the  ALN  training  procedure 
did  not  select  any  of  these  as  informative  fea¬ 
tures. 

ALN  MODEL  RESULTS 


Five  ALN  models  were  synthesized  on  the  theo¬ 
retical  forward-scattering  data  to  estimate  the 
five  defect  size  ana  orientation  parameters  (A, 
B,  a,  B,  y).  The  model  structures  and  coeffi¬ 
cients  are  given  in  section  6.  Each  of  the  models 
were  evaluated  on  approximately  1000  theoretical 
experiments  and  the  four  experimentally  recorded 
cases  described  above.  The  theoretical  results 
are  summarized  in  Table  3.5. 

TABLE  3.5:  ELLIPTICAL-CRACK  INVERSION  RESULTS 
(Evaluation  on  theoretical  data) 


Parameter 

Relative  Error 

A 

21.8% 

B 

12.6% 

a 

5.0% 

6 

9.6% 

r 

21.5% 
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The  best  results  were  obtained  for  the  orientation 
parameters  a  and  3 •  Poorer  but  still  respectable 
results  were  obtained  for  the  semi-minor  axis, 
**AM ,  and  the  orientation  angle  "y".  The 
angle,  y,  measured  the  rotation  of  the  defect 
about  its  normal.  Defects  having  an  aspect  ratio 
close  to  one  produced  only  subtle  changes  in  the 
scattered  ultrasonic  field  for  varying  cases 
of  y*  These  subtle  changes  were  difficult  to 
model  with  the  sparsely  populated  19-element 
array.  Furthermore,  "y"  is  not  defined  for 
circular  defects. 

It  was  noted  from  the  theory  iical  data  analysis 
that  the  model  error  was  a  function  of  the  defect 
size.  For  the  ALNs  which  estimated  A  and  B  as  the 
defects  became  smaller,  the  size  became  more 
difficult  to  estimate.  An  explanation  of  this  can 
be  linked  to  the  ripple  frequency  calculation. 
Although  the  power  spectrum  method  of  computing 
the  ripple  frequency  worked  well  when  two  or  more 
ripples  were  present,  this  technique  could  not 
accurately  resolve  the  ripple  frequency  when  fewer 
than  two  ripples  were  present.  (This  is  another 
way  of  stating  that  a  wider  bandwidth  is  needed.) 
Also,  power  spectra  having  a  fractional  number  of 
ripples  would  be  resolved  to  the  nearest  integer. 
For  instance,  a  spectrum  with  1.4  ripples  would  be 
resolved  as  having  a  ripple  frequency  of  1.0.  It 
is,  therefore,  understandable  that  the  ALN  model 
to  estimate  the  sireller-size  parameter  (A)  would 
yield  a  larger  error^  It  was  noted  that  if  the 
smaller  defects  (A  <  0.625  mm)  were  eliminated 
from  the  evaluation  set,  the  error  for  "A”  dropped 
from  21.8  percent  to  13.4  percent. 

The  ALN  model  results  for  the  four  experimental 
samples  are  given  in  Figure  3.8.  The  true  defect 
size  is  illustrated  to  scale  along  with  the  esti¬ 
mated  defect  size.  Note  that  the  agreement  is 
quite  favorable.  The  orientation  error  shown  in 
the  last  column  gives  the  angle  between  the  true 
defect  normal  and  the  estimated  defect  normal. 
Note  again  that  the  errors  in  three  of  the  four 
cases  are  very  small.  The  experimental  results 
for  estimation  of  the  third  angle,  y,  were  ve>:y 
poor  and,  consequently,  are  not  shown.  It  is 
believed  that  the  subtle  changes  introduced  in  the 
ultrasonic  scattering  amplitudes  by  the  existence 
of  y  were  less  than  the  irreducible  error  in  the 
ultrasonic  measurements.  The  orientation  error  in 
Figure  3.7  was  computed  only  from  a  and  3. 

4.  DEVELOPMENT  OF  FREE -SURFACE 
CRACK  MODELS 

The  majority  of  the  defect  characterization  work 
performed  in  the  past  few  years  under  this  program 
has  been  concerned  with  the  development  of  general 
inversion  procedures  which  are  applicable  to  flaws 
occurring  in  free  space.  A  number  of  modelB  have 
been  proposed  recently  which  offer  the  possibility 
of  extending  these  inversion  techniques  to  cracks 
attached  to  a  free  surface  [6,  7] .  The  purpose  of 
this  section  is  to  synthesize  ALN  models  using 
these  new  theoretical  formulations  and  to  evaluate 
the  resulting  networks  using  experimental  observa¬ 
tions. 

The  approach  taken  in  this  analysis  is  shown  in 
block-diagram  form  in  Figure  4.1.  The  theoretical 
free-surface  crack  models  can  be  divided  into  two 
separate  cases  -  one  representing  the  two-dimen¬ 
sional  problem  and  the  other  corresponding  to  the 


three-dimensional  situation.  For  the  purposes  of 
this  study,  these  two  geometrical  cases  were  con¬ 
sidered  independently.  A  data  base  of  theoretical 
approximations  was  generated  for  each  appropriate 
model  and  subjected  to  various  feature  extraction 
operations.  These  candidate  features  were  then 
input  to  ALN  models  to  determine  the  key  parame¬ 
ters  as  well  as  the  functional  relationship 
between  the  defect  characteristic  and  these  key 
features.  The  performance  of  these  models  was 
then  assessed  by  using  experimental  data  collected 
from  a  series  of  fabricated  free-surface  cracks. 

THEORETICAL  DATA  FASE 

The  free-surface  crack  models  used  in  this  study 
represent  solutions  for  a  homogeneous,  isotropic, 
linear  elastic  half-plane  which  contains  a  normal 
edge  crack  [7,  8]  .  The  geometrical  properties  of 
the  two  cases  are  illustrated  in  Figure  4.2.  In 
the  two-dimensional  situation,  the  crack  is  de¬ 
fined  to  possess  a  depth,  "dH,  in  the  half-plane. 
The  crack  has  a  length,  "1",  and  depth,  wdM,  in 
the  three-dimensional  model.  The  models  assume 
that  a  time-harmonic  elastic  wave  is  incident  upon 
the  crack  and  then  obtains  the  total  field  in  the 
half-plane  by  means  of  the  linear  superposition  of 
the  incident  fields  and  the  scattered  fields.  The 
solutions  considered  in  this  study  represent  far- 
field  approximations  corresponding  to  longitudinal 
mode  scattering. 

TWO-DIMENSIONAL  FREE-SURFACE 
CRACK  MODELING 

A  computer  code  representing  the  two-dimensional 
free-surface  model  was  prepared  by  Northwestern 
University  and  used  by  Adaptronics  to  generate  a 
number  of  power  spectra  corresponding  to  longitu¬ 
dinal  mode  pulse-echo  recordings  over  the  frequen¬ 
cy  range  from  0.5  to  2.5  MHz.  A  suite  of  these 
spectra  obtained  for  various  crack  depths  is  shown 
in  Figure  4.3.  For  con^>arison  purposes,  each  of 
these  spectral  plots  was  normalized  to  a  maximum 
power  of  unity  so  that  characteristic  spectral 
shapes  could  be  determined  visually.  It  can  be 
seen  that  the  ripple  frequency  (defined  in  the 
previous  section)  changes  quite  dramatically  from 
approximately  1.6  MHz  at  a  depth  of  2  mm  to  1.1 
MHz  at  a  5  mm  depth.  It  is  interesting  to  note 
that  this  observation  is  consistent  with  the 
results  presented  in  the  previous  discussion 
concerning  the  ripple  period  structure  of  the 
seir.i  elliptical  cracks.  Other  observations  which 
can  be  made  based  on  the  spectra  presented  in 
Figure  4.3  concern  the  distributions  of  relative 
power  levels  in  certain  frequency  bands  depending 
on  defect  depth.  In  general,  as  the  defect  depth 
increases,  there  appears  to  be  an  increase  In  the 
relative  power  distributions  at  the  higher  fre¬ 
quency  levels. 

In  order  to  verify  that  the  trends  observed  in 
these  theoretical  spectra  are  meaningful  features 
for  defect  inversion  exercises,  it  is  necessary  to 
determine  how  well  these  theoretically  generated 
quantities  conform  to  experimental  observations. 
To  satisfy  this  requirement,  ultrasonic  pulse-echo 
recordings  were  collected  from  a  series  of  semi¬ 
elliptical  free-surface  defects  fabricated  in  a 
carbon  steel  calibration  test  block.  The  experi¬ 
mental  setup  is  shown  in  Figure  4.4.  The  trans¬ 
ducer  used  in  this  collection  exercise  was  charac¬ 
terized  by  a  1.0  MHz  center  frequency  with  100% 
bandwidth  and  was  used  in  the  pulse-echo  mode. 
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FIGURE  3.8:  ELLIPTICAL  CRACK  INVERSION  RESULTS  (EXP.  DATA) 
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FIGURE  4,1:  OVERVIEW  OF  THE  ANALYSIS  STEPS 
INVOLVED  IN  THE  FREE-SURFACE 
CRACK  MODEL  STUDY 
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FIGURE  4.3:  PULSE-ECHO  POWER  SPECTRAL  L+L  BUUC 

WAVE  RESPONSES  FROM  ACHENBACH'S  TWO- 
DIMENSIONAL  FREE-SURFACE  SEMI¬ 
ELLIPTICAL  CRACK  THEORY  (Incident 
Wave  ie  45°) 
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FIGURE  4.2:  GEOMETRICAL  REPRESENTATIONS 
OR  THE  TWO-DIMENSIONAL  AND 
THREE-DIMENSIONAL  FREE-SURFACE 
CRACKS 


cxxcx  o*rm 


FIGURE  4.4:  GEOMETRICAL  DESCRIPTION  OF  THE  EXPERI¬ 
MENTAL  DATA  COLLECTION  EXERCISE 
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The  geometrical  configuration  of  the  test  specimen 
enabled  a  45°  longitudinal  wave  to  be  emitted  to 
the  test  block.  A  back-wall  response  was  collect¬ 
ed  and  used  as  a  reference  signal  for  deconvolu¬ 
tion  purposes. 

The  procedures  employed  in  the  data-collection 
exercises  involved  manual  positioning  of  the 
transducer  along  the  45*  edge  of  the  test  block  to 
maximize  the  echo  returned  from  the  defect  under 
analysis.  Subsequent  recordings  were  then  ob¬ 
tained  at  a  spacing  of  6  nun  in  order  to  simulate  a 
linear  array.  A  total  of  six  individual  record¬ 
ings  were  made  moving  up  the  edge  of  the  calibra¬ 
tion  block.  A  comparison  of  theoretical  and 
experimental  power  spectra  is  shown  in  Figure  4.5 
for  defect  depths  of  4,  8,  and  12  mm.  The  trans¬ 
ducer  location  for  these  spectra  corresponds  to  a 
position  6  mm  away  from  the  direct  corner  reflec¬ 
tion  location.  The  experimental  spectra  have  been 
deconvolved  using  the  back-wal 1  return  as  a  refer¬ 
ence.  It  can  be  seen  that  comparison  is  quite 
good  for  the  8  and  12  nun-deep  cracks.  Both  the 
ripple  periods  and  power  distributions  natch  up 
well  over  the  frequency  band  from  0.5  to  2.0  MHz. 
The  comparison  presented  for  the  4  mm  case  xs  not 
as  good  as  that  for  the  larger  defects  and  is 
probably  related  to  the  fact  that  the  theoretical 
model  does  not  perform  well  in  the  small  ka 
region. 

A  more  detailed  comparison  of  the  theoretical  and 
experirrental  spectra  obtained  at  the  first  four 
positions  in  the  synthetic  array  is  shown  in 
Figures  4.6  -  4.8  for  defect  depths  of  4,  8,  and 
12  mm.  As  noted  previously,  the  comparisons  are 
quite  good  for  the  larger  defects  and  are  less 
favorable  for  the  smallest  defect  depth. 

Based  upon  the  close  agreement  obtained  between 
the  theoretical  two-dimensional  model  and  the 
experimental  recordings,  ALN  models  were  synthe¬ 
sized  to  estimate  the  crack  depth.  The  theoreti¬ 
cal  training  data  base  consisted  of  ten  crack 
depths  and  an  array  of  six  pulse-echo  receivers. 
The  specifics  of  the  training  set  are  described  in 
Table  4.1.  These  theoretical  spectra  were  then 
subjected  to  a  number  of  feature  extraction  algo¬ 
rithms  to  determine  candidate  parameters  to  input 
to  the  ALN  depth  model.  The  candidate  set  con¬ 
sisted  of  eight  individual  quantities  which  are 
identified  in  Table  4.2.  The  features  include  the 
ripple  period,  measurements  of  power  decay  across 
the  pulse-echo  array,  and  various  ratios  of  power 
levels  in  certain  frequency  bands. 


TABLE  4.1:  DATA  BASE  USED  IN  TRAINING 
ADAPTIVE  LEARNING  NETWORKS 
(Two-Dimensional  Case) 


DEFECT  DEPTHS  (w) 

4,  5,  6.  7,  8,  9.  10.  12,  14,  16 


RECEIVERS 


6  RECEIVERS  OPERATING  IN  THE  PULSE/ ECHO  NODE  SEPARATED 
BY  6MM  (LINEAR  ARRAY) 


TABLE  4.2:  CANDIDATE  FEATURES  USED  IN  THE 

SYNTHESIS  OF  THE  TWO-DIMENSIONAL 
FREE-SURFACE  CRACK  MODEL 


1  -  Rippl*  Fmquwcy 

2  -  Dicay  op  Total  Pqhm  p*er.  0.5  -  2.5  NHz 

3  -  Dicay  op  Total  Pom*  fnon  0.5  -  1.5  Ml 

4  -  Dccay  op  Total  Pom*  pw»  1.5  -  2.S  Wz 

5  -  Dccay  op  Avcaaci  RjwW  p*om  0.5  -  2.5  Wx 

6  -  Ratio  op  Pom*  in  Bud  f*on  0.5  -  1.5  HHz 

to  Pom*  in  Band  p*oh  1.5  -  2.5  Mi 

7  -  Ratio  op  Pom*  in  Band  p*oh  1.5  *  2.5  Btr 

TO  ft)M*  1*1  kND  FWN  0.5  -  2.5  Ml 

8  -  Ratio  or  Pom*  in  Band  pkon  0.5  -  1.5  Mx 

to  Pom*  in  Band  pnoh  0.S  ■  2.5  Mz 


The  resulting  ALN  model  is  shown  in  Figure  4.9  anu 
consists  of  two  input  features  -  the  ripple  fre¬ 
quency  and  the  slope  of  the  power  decay  across  the 
six-element  array  over  the  frequency  band  from  0.5 
to  1.5  MHz.  The  average  relative  error  in  the 
defect  depth  estimate  was  less  than  6%.  A  scatter 
plot  of  the  observed  and  predicted  defect  depth 
values  is  shown  in  Figure  4.10.  The  performance 
of  the  model  was  assessed  using  subsets  of  the 
experimental  observations  discussed  previously  in 
this  section.  The  ripple  period  and  power  decay 
parameters  were  obtained  from  the  observed  spec¬ 
tral  quantities  and  input  to  the  ALN  model,  to 
obtain  estimates  of  crack  depth.  The  results  of 
this  analysis  are  summarized  in  Table  4.3.  The 
large  error  for  the  4-mm  defect  has  been  discussed 
earlier  and  is  probably  a  result  of  extending  the 
theoretical  model  to  small  ka  regions.  The  depth 
estimates  for  the  8-mm  and  12-mm  defects  are  very 
good  with  errors  of  less  than  3%  being  observed. 


ALN  MODEL  PERFORMANCE 


TABLE  4.3: 

TRUE  CRACK 
DEPTH 


4.00  MM 
8.00  MM 
12.00  MM 


ALN  ESTIMATED 
CRACK  DEPTH 

5.88  mm 
7.81  mm 
12.34  mm 


THREE-DIMENSIONAL  FREE-SURFACE 
CRACK  MODELING 


A  computer  code  representing  the  three-dimensional 
free-surface  crack  model  was  prepared  by  North¬ 
western  University  and  used  by  Adaptronics  to 
generate  a  number  of  power  spectra  corresponding 
to  longitudinal  mode  pulse-echo  and  pitch-catch 
recordings.  An  example  of  spectra  obtained  from  a 
single  pitch-catch  arrangement  for  a  series  of 
different  crack  sizes  is  shown  in  Figure  4.11. 
The  source  position  used  in  this  illustration 
represents  a  polar  angle  of  45*  and  an  azimuthal 
angle  of  0®  with  reference  to  the  crack.  The 
xeciever  location  is  defined  with  a  polar  angle  of 
45°  and  azimuthal  angle  of  60®.  It  can  be  seen 
from  this  figure  that,  as  the  defect  size  in¬ 
creases,  the  spectral  peaks  shift  to  lower 
frequency  levels.  The  ripple  frequency  character¬ 
istic  of  the  spectrum  appears  to  become  greater  as 
the  defect  size  increases. 
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CRACK  DEPTH  •  4mm 


CRACK  DEPTH  ■  3  * 
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CRACK  DEPTH  *  12  m 
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FIGURE  4.5s  COMPARISON  OF  THEORETICAL  AND 
EXPERIMENTAL  POWER  SPECTRA 
OBTAINED  FOR  VARIOUS  CRACK  DEPTHS 
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FIGURE  4.7:  COMPARISON  OF  THEORETICAL  AND 
EXPERIMENTAL  POWER  SPECTRA 
OBTAINED  AT  VARIOUS  POSITIONS 
ON  THE  CALIBRATION  BLOCK 
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FIGURE  4.6:  COMPARISON  OF  THEORETICAL  AND 
EXPERIMENTAL  POWER  SPECTRA 
OBTAINED  AT  VARIOUS  POSITIONS 
ON  THE  CALIBRATION  BLOCK 


FIGURE  4.8:  COMPARISON  OF  THEORETICAL  AND 
EXPERIMENTAL  POWER  SPECTRA 
OBTAINED  AT  VARIOUS  POSITIONS 
ON  THE  CALIBRATION  BLOCK 
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FIGURE  4.9s  ALN  MOIJEL  TO  PREDICT  CRACK  DEPTH 
(Two-Dimensional  Case) 


A  *  0.623 
»  »  1.23  M 


k  -  1.23  mi 
S  -  1.25  m 


Fowtr 


A  •  1,23  nwj 
B  •  2.30  M 


2  4  6  0  10  12 

Frsqutncy  (MHc) 

FIGURE  4,11 :  PITCH -CATCH  POWER  SPECTRAL  Ii*L  BULK 
WAVE  RESPONSES  FROM  ACHENBACH'S 
THREE-DIMENSIONAL  SEMIELLIPTICAL 
CRACK  THEORY  (0  -  45°,  4>  =  0*  j 

0  “  45°,  4>  -  oO°  I  A  -  half- 

length,  B  -  depth.) 


i  <  ’  •  »  to  u  u  ti  u  is  it 


FIGURE  4.10i  COMPARISON  OF  OBSERVED  AND  PRE¬ 
DICTED  DEPTH  VALUES  FOR  THE  TWO- 
DIMENSIONAL  MODEL 


Following  the  procedures  outlined  in  the  two- 
dimensional  model  discussion,  the  next  step 
involves  a  direct  comparison  of  theoretical  and 
experimental  data.  This  requirement  is  satisfied 
in  Figures  4.12  and  4.13  for  a  crack  of  depth  2.4 
mm  and  of  length  2.6  mm.  The  experimental  data 
were  collected  by  the  Rockwell  Science  Center  and 
forwarded  to  Adaptronics  for  analysis.  The  com¬ 
parison  illustrated  in  Figure  4.12  corresponds  to 
a  series  of  pulse-echo  recordings  obtained  at 
various  locations  around  the  defect  origin.  In 
this  case,  the  theoretical  spectra  were  convolved 
with  a  back-wall  reference  recording  to  enable  a 
quick  congjarison  to  be  made.  Over  the  frequency 
range  from  5  to  12  MHz,  it  can  be  seen  that  the 
experimental  spectra  are  characterised  by  a  much 
higher  oscillatory  behavior  than  the  theoretical 
spectra,  leading  to  the  conclusion  that  the  ripple 
frequencies  of  the  two  spectra  are  not  very  com¬ 
parable.  This  same  general  conclusion  can  be 
inferred  from  a  comparison  of  the  pitch-catch 
spectra  shown  in  Figure  4.13.  It  is  also  noted 
that  the  actual  power  distributions  are  not  in 
very  good  agreement  over  various  frequency 
intervals.  The  reasons  for  the  disagreements  re¬ 
ported  in  this  comparison  have  not  been  identified 
with  any  degree  of  certainty  at  this  time  and 
could  probably  be  resolved  by  more  comparison 
studies.  Unfortunately,  no  other  experimental 
observations  are  available  to  enable  these 
discrepancies  to  be  identified.  Additional  uncer¬ 
tainties  associated  with  the  true  sire  of  the 
defect  used  in  this  single  experimental  setup 
further  cloud  the  comparison  [9! . 

Based  on  these  unresolved  problems  concerning  the 
comparison  of  the  theoretical  and  experimental 
three-dimensional  crack  spectra,  the  decision  was 
made  to  defer  the  ALN  analysis  of  this  case  until 
further  investigations  could  be  performed. 


5.  EVALUATION  OF  COMPOUND  VOID  MODELS 
WITH  EXTRAPOLATION  DATA 

SUMMARY 

During  last  year's  DARPA/AFML  program,  Adaptronics 
developed  four  ALN  inversion  models  to  estimate 
the  size  and  orientation  of  oblate  spheroid-shaped 
defects.  The  details  of  this  work  are  covered  in 
Reference  131.  In  sumirory,  a  19-element  pulse- 
echo  hexagonal  array,  whose  receiver  location 
matched  those  shown  in  Table  3.1,  was  used  to 
capture  the  scattering  amplitudes.  A  theoretical 
data  base  was  generated  from  the  T-Matrix  theory 
to  train  the  four  ALN  models.  The  models  estimat¬ 
ed  the  two  radii  of  the  spheroid  (A  and  B),  and 
two  orientation  angles  (a  and  B).  These  geonetri- 
cal  descriptors  are  shown  in  Figure  5.1.  The 
features  to  train  the  models  were  confuted  from 
the  power  spectrum  and  the  characteristic  func¬ 
tion.  Spatial  features,  similar  to  those  dis¬ 
cussed  in  the  above  sections,  were  computed  from 
the  spectral  features.  The  model  errors,  when 
evaluated  on  independent  theoretical  data,  were  as 
follows ; 


Parameter 

Relative  Error 

A 

9% 

B 

8% 

a 

5% 

_ p _ 

1% 

The  structures  and  coefficients  of  the  four  ALN 
models  are  given  in  Section  6. 


RESULTS 

One  objective  of  this  year's  effort  was  to  evalu¬ 
ate  the  oblate  spheroid  ALN  models,  discussed 
above,  with  experimental  data  of  more  complex 
defect  shapes.  The  point  of  this  evaluation  was 
to  determine  how  the  ALN  models  would  perform  on 
defects  which  were  not  represented  in  the  training 
data  set  as  a  means  of  qualifying  the  extrapola¬ 
tive  qualities  of  the  models.  Four  classes  of 
complex  defects  were  evaluated: 

( 1 )  Prolate  spheroid 

(2)  Grooved  oblate  spheroid 

(3)  Sphere  with  ring 

(4)  Lumpy  sphere 

Experimental  prise-echo  waveforms  were  recorded  on 
each  of  the  four  defect  categories  at  several  dif¬ 
ferent  orientations.  These  experimental  RF  tran¬ 
sients  were  recorded  at  Rockwell  Science  Center  on 
the  trailer-hitch  samples  and  were  provided  to 
Adaptronics  for  further  processing.  The  hexagonal 
array  element  apt  cing  was  maintained.  Fourier 
transforms  and  features  were  confuted  and  the 
features  were  processed  through  the  four  ALN 
models.  The  results  are  shown  both  graphically 
and  numerically  in  Figures  5.2  -  5.5. 

The  best  results  were  obtained  on  the  prolate 
spheroids  (Figure  5.2).  The  true  prolate  size  was 
A  “  BOO  microns  and  B  =  400  microns.  This  defect 
was  viewed  from  two  different  orientations  as 
shown.  The  true  size  is  indicated  by  Bolid  lines 
on  the  left  side  of  Figure  5.2.  The  estimated 
defect  size  is  represented  by  the  broken  lines. 
The  two  dimensions  (A  and  B)  are  illustrated  as 
the  major  and  minor  axis  of  an  ellipse  in  the 
figure.  Both  the  true  and  estimated  sizes  are 
shown  numerically  in  microns.  Note  that,  for  both 
cases,  the  true  and  estimated  sizes  are  very 
clone.  The  true  orientations  of  the  two 

experiments  were: 

a  -  15,  B  =  90;  and 
tt  =  30,  B  -  90. 

The  estima'.ed  orientations  were: 

0=21,  B  =  94)  and 
«  =  34,  B  »  92. 

Figure  5.2  shows  the  orientation  error  which  is 
the  anqie  between  the  true  defect  normal  and  the 
estimated  defect  normal.  This  angle  (<p)  was  com¬ 
puted  as: 

*  “  cos_1(XTXE  +  YtYe  +  ZTZE>  (5.1) 

where 

X  ■  sin  Ci  cos  3 
Y  -  sin  a  sin  3 
z  -  co*  a 
T  ■  "true" 

E  *  "estimated" 

The  orientation  error  is  shown  as  the  "blacked-in" 
portion  of  the  circle  on  the  right  side  of  Figure 
5*2*  note  that  these  errors  are  very  small* 

The  Bvaluation  results  for  the  grooved  oblate 
spheroid  are  shown  in  Figure  5*3*  The  format  is 
the  same  as  that  described  for  Figure  5.2*  In 
this  case#  three  orientations  of  the  same  defect 
were  considered*  The  true  defect  size  was  195 
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FIGURE  4,12:  FREE-SURFACE  ELLIPTICAL  CRACK  FIGURE  4.13:  PREE-SURFACE  CRACK  SPECTRA 
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FIGURE  5.1 i  OBLATE  SPHEROID  COORDINATE  GEOMETRY 


FIGURE  5.3:  GROOVED  OBLATE  SPHEROID  ALN  ESTIMATES 


FIGURF,  5.5:  LUMPY  SPHERE  ALN  ESTIMATES 


microns  by  400  microns.  Small  grooves  of  approxi¬ 
mately  one  micron  in  depth  were  machined  over  the 
entire  surface  of  the  spheroid.  The  polar  orien¬ 
tations  (Cl)  of  the  defect  were  0,  15,  and  30  de¬ 
grees.  The  azimuthal  orientations  (3)  were  at  90 
degrees  for  two  of  the  cases,  as  shown.  Estimates 
for  two  of  the  three  sizes  were  very  close  to  the 
true  values.  The  size  estimate  for  the  third 
defect  was  very  good  for  the  B  dimension  but  about 
twice  the  true  value  for  the  A  dimension,  making 
the  overall  estimated  shape  of  the  defect  appear 
slightly  prolate.  Two  of  the  three  orientation 
estimates  were  also  quite  good  as  indicated  in 
Figure  5.3* 

The  next  defect  tested  was  the  sphere  with  a  ring. 
This  defect  was  formed  by  diffusion-bonding  the 
400-micron  hemispheres  An  yttria  disbonding 
agent  was  applied  before  diffusion  to  create  a 
755-mioron  ring  similar  to  the  "Ring  of  Saturn" 
but  touching  the  sphere  at  its  equator.  The  de¬ 
fect  simulates  a  crack  in  the  presence  of  a  void. 
Data  were  recorded  on  three  orientations.  As 
indicated  in  Figure  5-4.,  each  of  the  size  esti¬ 
mates  were  very  close  to  the  actual  size  of  the 
sphere,  but  the  ring  appeared  to  go  .undetected. 
The  estimated  shapes  of  all  three  cases  were  "egg- 
shaped."  All  of  the  orientation  estimates  were 
very  close  to  the  true  values. 

Figure  5.5  presents  the  true  and  estimated  sizes 
and  orientations  for  the  lumpy  sphere.  This 
defect  was  formed  by  combining  two  spheres  of 
unequal  size  (R1  *  410  micron3,  R2  m  200  Microns) 
such  that  the  center  of  the  smaller  sphere  was 
located  at  the  surface  of  the  larger  sphere.  The 
shape  of  the  estimated  defect  in  all  three  cases 
was  that  of  an  oblate  spheroid.  The  overall  esti¬ 
mated  defect  length  was  about  equal  to  the  true 
length.  In  general,  the  estimated  defect  size  was 
slightly  smaller  than  that  of  the  lumpy  sphere. 
The  orientation  errors  for  all  three  cases  were 
large.  This  was  probably  due  to  the  irregular  re¬ 
flecting  surface  of  the  defect,  or  due  to  the 
irreducible  error  associated  with  collecting 
experimental  data. 


(2)  The  training  defect  types  were  different 
from  the  evaluation  defect  types. 

(3)  The  training  data  were  noise-free  where  the 
evaluation  data  contained  noise. 

Additionally,  it  should  be  mentioned  that  all 
model  estimates  were  the  same  order  of  magnitude 
as  the  true  defect  sizes.  No  "blown-up"  outputs 
resulted. 

The  results  presented  in  this  section  demonstrate 
the  extrapolative  capabilities  of  ALN  models 
applied  to  NDE  methods.  The  fact  that  some  of  the 
defect  estimates  possessed  larger-than-desirable 
errors  can  be  more  directly  attributed  to  the 
inappropriate  type  of  parameters  modeled  <A, 
B,  a,  6) ,  rather  than  to  the  models  themselves. 
Clearly,  the  modelB  work  well  for  defects  of  the 
spheroid  type  (both  oblate  and  prolate).  However, 
the  more  complex  shapes  require  a  more  germane  set 
of  parameters  to  be  modeled.  A  more  appropriate 
set  of  defect  descriptors  might  be  the  first 
several  coefficients  on  a  spherical  harmonic 
expansion.  Solutions  of  this  type  should  be 
considered  for  future  work. 

6.  ALN  NETWORK  MODELS 

The  more  significant  ALN  models  developed  within 
the  last  two  years  for  inverting  crack  and  void 
defects  are  covered  in  this  section  and  are  illus¬ 
trated  in  Figures  6.2  -  6-12.  Each  figure  shows 
the  element  connectivity,  the  mathematical  form  of 
the  element,  a  description  of  the  input  features, 
and  the  network  weighting  coefficients.  The  ALN 
model  is  the  equation  which  relates  the  input 
feature  to  the  modeled  output  parameter.  In  all 
cases  shown  below,  the  output  parameter  has  been 
chosen  to  be  a  specific  characteristic  of  the 
crack  or  void  defect.  One  important  product  of 
the  ALN  synthesis  procedure  is  that  all  insignifi¬ 
cant  features  are  eliminated  from  the  final  model. 
The  models  shown  below,  therefore,  identify  which 
features  are  significant  in  performing  the  inver¬ 
sion. 


Table  5.1  summarizes  the  results  of  this  section 
in  a  qualitative  fashion.  The  ability  of  the  ALN 
models,  trained  only  on  theoretical  oblate  spher 
oid  data,  to  characterize  the  experimentally- 
obtained,  complex-shaped  defects  is  rated  in  four 
categories:  excellent,  good,  fair,  and  poor. 


TABLE  5.1:  SUMMARY  OF  OBLATL  SPHEROID  ALN 
MODEL  PERFORMANCE  ON 
EXTRAPOLATIVE  DATA 


Defect  Type 

Estimate 

Size 

Estimate 

Orientation 

Prolate  Spheroid 
Grooved  Oblate 
Sphere  with  Ring 
Lumpy  Sphere 

Excellent 

Good 

Fair 

Fair 

Excellent 

Good 

Good 

Poor 

Overall,  the  ALN  models  performed  quite  well  when 
one  considers  the  differences  between  the  training 
data  and  the  evaluation  data: 

(1)  The  training  data  were  theoretically  gener¬ 
ated,  where  the  evaluated  data  were  experi¬ 
mentally  collected. 


The  network  configuration  of  the  ALN  model  has 
been  adopted  since  very  complicated  nonlinear 
multivariant  relationships  can  be  represented  in  a 
compact  form.  For  instance,  consider  the  simple 
hypothetical  network  shown  in  Figure  6.1  and  as¬ 
sume  that  each  of  the  elements  (boxes)  represents 
the  following  four-term  algebraic  relationship  of 
the  two  input  variables: 


yi  "  *0  +  *1X1  '  *2*2  +  a3X1*2  <6-1) 

y2  "  b0  +  b1*3  T  b2*4  +  b3X3*4  (6,2) 

y3  ■  C0  +  C1y1  +  C2y2  +  C3y1y2  (6>3) 

Substituting  Equation  (6.1)  and  (6.2)  into  (6.3) 

yields: 


°0  +  °1<a0  +  *1*1  +  *2*2  +  a3X1X2> 

+  C2(b0  +  b1X3  +  V4  +  b2X3*4>  (6.4) 


+  C3<a0  +  a)X1  +  a2X2  +  VlV 
<b0  +  b1X3  +  b2x4  +  b3x3*4^ 


Expansion  of  Equation  (6.4)  would  yield  yj  as  a 
nonlinear  function  of  x^,  x^,  xJf  and  x  with 
greater  than  60  terms.  Therefore,  the  networks 
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ERROR  ON  THEORETICAL 


ALN  STRUCTURE 


ERROR  ON  THEORETICAL 

DATA  ■  6% 


X 

X 


1 

2 


(Crack  D*pth) 


*d  -  ,702X1  -l.588X2 


rtATORI  DCSCRIPTION 


Maan  (x±) 

Sigrea  (a^) 

XI, 

Slop#  of  Powar  da  cay  Across  Array 
in  Band  frore  0.5  to. 1.5  MHz 

-.155 

.015 

X2  t 

Rippla  Fraquancy 

.580 

.237 

FIGURE  6*7:  ADAPTIVE  LEARNING  NETWORK  TO  ESTIMATE 
THE  DEPTH  (d)  OF  FREE-SURFACE  CRACKS 


ALN  STRUCTURE 


ERROR  ON  THEORETICAL 

DATA  -  9% 


FEATURE 

INPUTS 


♦ELEMENTAL  FORM!  V 


FEATURE  DESCRIPTION 


X^t  Z-Componant  of  tha  Korea nt  Vactor 
X^t  Z-Co«ponant  of  tha  Koreent  Vactor 

X  j  X-Coreponant  of  tha  Mcreant  Vactor 
Charactariatic  Function 

X  «  Z-Coreponant  of  tha  Moreant  Vactor 
Charactariatic  Function 

X^i  Z- Coupon ant  of  tha  Moreant  Vactor 
Xfii  ATAN3  of  tha  Total  Powar 


(Z)  of  tha  First  Moreant  of  Powar  Spactrure 
(Z)  of  Band  1  of  Powar  Spactrure 
(X)  of  tha  First  Komant  of 

(Z)  of  tha  Sacond  Moreant  of 

(Z)  of  tha  Total  Powar 


NETWORK  WEIGHTING  COEFFICIENTS 


ELEMENT 

yo 

“i 

“j 

“3 

“« 

*5 

1 

. 233E+05 

-.104E+05 

-.978E+05 

.  226E+05 

. 116E+04 

. 803E+05 

2 

.973E+02 

-.388E+02 

701E+01 

548E+01 

.557E+04 

.123E+02 

3 

.678E+02 

. 64IE+02 

-.780D+00 

-.124E+01 

.122E+02 

.118E+01 

4 

.213E+02 

.142E+00 

.265E+00 

- .  304E-03 

.170E-02 

.904E-03 

5 

-.149E+03 

. 170E+01 

. S96E+00 

-.550E-03 

.195E-02 

.747E-03 

6 

.416E+01 

.608E+00 

. 3Q7E+00 

.291E-03 

0 

0 

FIGURE  6. .8: 


ADAPTIVE  LEARNING  NETWORK  TO  ESTIMATE  SIZE  PARAMETER  " 
FOR  SPHEROIDAL  DEFECTS 
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shown  below  can,  in  some  cases,  represent  many 
thousands  of  terms  with  only  a  small  number  of 
coefficients* 

The  networks  shown  in  Figures  6.2  -  6.7  are  the 
elliptical  and  free-surface  crack  models  and  have 
normalized  coef f icients-  All  of  the  input  and 
output  variables  were  scaled  by  removing  the  mean 
(x^)  and  dividing  by  the  standard  deviation  (0^). 
These  scaling  values  are  shown  next  to  each  input 
variable.  In  order  to  implement  the  networks  on 
new  data  observations#  the  computed  feature  values 
must  be  scaled  by  xA  and  in  the  following 
manner: 


where 

*  the  i  spectral  feature 

x .  ■  mean  feature  value 
i 

0.  =  standard  deviation  of  feature 
i 

X  '  =  input  to  network 

Figures  6.2  and  6.3  show  the  ALN  models  which 
estimate  the  semiminor  (A)  and  semimajor  (B)  axis 
of  the  elliptical  crack  defect.  Note  that,  in 
each  case,  four  of  the  five  features  selected  were 
"ripple  frequency"  features.  The  ripple  frequency 
is  the  single  most  important  feature  for  determin¬ 
ing  the  defect  size.  It  was,  therefore,  quite 
natural  for  these  features  to  be  selected. 

Figures  6.4  -  6.6  show  the  ALN  models  for  esti¬ 
mating  the  three  elliptical  crack  orientation 
angles  a,  3/  and  Y ,  respectively.  Most  of  the 
features  selected  for  these  models  were  total 
power  features.  It  has  been  observed  that  the 
defect  orientation  is  highly  related  to  the  total 
power  spatial  distribution.  The  fiat  surface  of 
an  elliptical  crack  acts  similar  to  a  mirror,  re¬ 
flecting  energy  in  the  direction  opposite  to  that 
of  the  direction  of  incidence.  The  position  of 
this  highly  directed  "specular"  reflection  yields 
much  information  about  the  angles  a  and  3*  The 
moment  vector  (x,  y,  z)  attests  to  locate  the 
position  of  maximum  energy,  hence,  locates  the 
specular  reflection. 

Figure  6.7  illustrates  the  ALN  model  to  determine 
the  depth  of  free-surface  cracks.  The  equation  is 
a  linear  combination  of  only  two  features.  The 
ripple  frequency  feature  measures  the  time  delay 
between  the  tip  diffracted  wave  and  the  corner 
reflection. 

Figures  6.8  -  6.11  illustrate  the  four  oblate 

spheroid  models  to  estimate  the  defect's  size  (A 
and  B)  and  orientation  (a  and  3).  The  void  models 
were  trained  on  theoretical  data  of  the  low  ka 
regime.  This  means  that  the  defect  is  small  com¬ 
pared  to  the  wavelength  of  the  incident  beam. 
When  ka  is  small  (<5),  information  pertaining  to 
the  size  of  the  defect  can  be  found  in  the  low 
frequency  portion  of  the  spectrum.  The  networks 
shown  in  Figures  6.8  and  6.9  support  this  fact. 
Most  of  the  features  selected  measure  shifts  in 
the  spectral  energy,  or  percent  of  low  frequency 
energy.  The  void  models  to  estimate  a  and  3  (Fig¬ 
ures  6.10  and  6.11)  indicate,  as  for  elliptical 
cracks,  that  spatial  total  power  distribution  is 
key  in  estimating  the  defect’s  orientation. 


Figure  6.12  shows  the  Adaptive  Learning  Network  to 
discriminate  crack  defects  from  voids.  Four  spec¬ 
tral  features  selected  as  shown.  If  the  network 
output  is  positive,  the  indicated  class  is  of  the 
crack  type.  A  negative  model  output  is  indicative 
of  a  void. 
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SUMMARY  DISCUSSION 


Paul  Ganrnel  (O.P.L.):  I  would  like  to  know  If  your  system  depends  on  deconvolution  to  move  the 
transducer  signature. 

Tony  Mucclardl  (Adaptronlcs) :  No.  You  can  either  convolve  the  theoretical  resonse  with  the  transducer 
response,  or  deconvolve  the  experimental  response  from  the  transducer  response  to  make  the 
experiment  resemble  the  theory.  It's  more  general  In  the  latter  case. 

Paul  Gammell:  What  was  done  In  your  case? 

Tony  Muccardl:  All  the  results  have  been  presented  with  the  transducer  response  deconvolved  from  the 
experimental  data.  This  approach  Is  quite  pleasing  because  of  Independence  from  the 
transducer.  Of  course,  It's  quite  possible  to  go  the  other  way,  too. 

James  Krumhansl ,  Chairman  (NSF):  Thank  you,  we  will  now  proceed  to  the  final  paper. 
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ABSTRACT 

The  assumption  of  ellipsoidal  flaw  geometry  has  been  widely  used  In  calculations  of  the  probability 
of  structural  failure  conditioned  on  nondestructive  ( HOI  measurements.  Clearly,  In  most  cases  the  flaw 
geometry  Is  not  ellipsoidal  and  in  the  particular  case  of  cracks  the  actual  geometry  may  deviate  signifi¬ 
cantly  from  a  degenerate  ellipsoid  (l.e.,  .  olanar  crack  with  an  elliptical  plan-view  shape).  We  have 
Investigated  the  sensitivity  of  a  late  stage  of  the  evolution  of  fatigue  failure  to  model  errors  of  the 
latter  type  (l.e.,  deviations  from  elliptical  shape  for  planar  cracks)  by  considering  two  dlff 
overall  theoretical  processes.  In  the  first,  we  start  with  a  non-elliptical  crack  and  calculate  iU. 
geometry  after  a  given  large  number  of  cycles  of  uniaxial  stress  applied  perpendicular  to  the  crack 
plane.  In  the  second  process,  we  start  with  the  same  crack  but  perform  a  simulated  set  of  NO  measure¬ 
ments  coupled  with  an  inversion  procedure  based  on  the  assumption  of  elliptical  geometry  and  then 
calculate  the  geometry  of  this  Initially  elliptical  crack  after  subjection  to  the  above  stress  history. 

A  measure  of  sensitivity  to  model  error  Is  then  provided  by  a  comparison  of  the  two  terminal  geome¬ 
tries.  Results  tor  several  choices  of  non-elliptical  crack  shapes  and  sets  of  ND  measurements  will  be 
discussed. 


NATURE  OF  THE  PROBLEM 

As  is  well  known,  the  calculation  of  the 
probabilities  of  failure,  both  unconditional  and 
conditioned  on  ND  measurements.  Is  based  on  a  set 
of  mathematical  models,  most  of  which  are  serious¬ 
ly  oversimplified  In  several  respects.  The  set 
consists  of  models  of  (a)  the  measurement  process, 

(b)  the  failure  process  (Including  a  model  of  the 
stress  environment),  and  (c)  the  a  priori  statls- 
tlcs  of  defect  properties,  it  Is  clear  that  the 
modelling  of  each  type  of  defect  underlies  all 
three  of  the  above  models  and  thus  the  errors  In 
this  modelling  are  a  crucial  Issue. 

It  Is  thus  obvious  that  the  errors  In  the 
defect  model  affect  the  Interpretation  of  the  ND 
measurements  (In  terms  of  an  oversimplified  state) 
and  the  calculation  of  conditional  probability  of 
failure.  The  former  and  latter  entail  the  use  of 
measurement  and  failure  models,  respectively,  and 
both  entail  the  use  of  the  a  priori  statistics 
model .  In  any  case,  we  may  ask  If  the  effects  of 
the  defect  model  errors  In  the  measurement  Inter¬ 
pretation  and  the  failure  probability  calculation 
tend  to  compound  or  compensate  for  each  other.  To 
throw  light  on  this  question  we  have  In.estl gated 
several  "theoretical  experiments"  Involving  syn¬ 
thetic  test  data  based  on  defect  models  that  are 
more  complex  than  the  defect  model  used  In  the 
Interpretation  of  ND  measurements  and  the  calcu¬ 
lation  of  failure  probability. 

APPROACH 

Here  we  give  more  explicit  details  of  the 
Investigation  of  the  "theoretical  experiments" 
alluded  to  in  the  last  section.  A  typical 
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“theoretical  experiment"  Is  represented  schemat¬ 
ically  In  Fig.  1.  Here  we  show  the  simulation  of 
both  the  Ideal  calculation  Involving  no  defect 
model  error  and  a  non-ideal  calculation  Involving 
a  certain  type  of  defect  model  error.  We  have 
explicitly  considered  the  example  of  a  planar 


*om*m 


Fig.  1  Schematic  representation  of  "theoretical 
experiment." 


crack  In  a  metal  with  a  non-elliptical  plan  view 
which  Is  Incorrectly  modelled  In  the  non- Ideal 
calculation  as  having  an  elliptical  plan  view  with 
adjustable  parameters.  The  failure  process  in 
each  calculation  is  assumed  to  be  a  deterministic 
process  under  an  assumed  cyclic  stress  based  on 
generally  accepted  concepts  of  fatigue  crack  prop¬ 
agation.*  In  the  non-ideal  calculation,  a  set  of 
scattered  waveforms  are  calculated  by  applying 
scattering  theory  to  the  assumed  non-elliptical 
crack.  The  extraction  of  features  (e.g.,  the  low- 
frequency  scattering  amplitude  and  the  distance 
from  the  geometrical  center  to  the  front-face 
tangent  plane  perpendicular  to  the  Incident  wave 
direction)  for  each  scattering  measurement  Is 
straightforward  -  In  fact,  the  calculations  could 
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be  simplified  greatly  by  deducing  the  features 
directly  from  the  assumed  non-elliptical  crack. 

The  Inversion  process  Is  limited  to  elliptical 
cracks  and  thus  It  attempts  to  find  the  best 
elliptical  crack  In  terms  of  fitting  the  non- 
elliptical  Input  features.  The  last  stage  of  the 
non-ideal  calculation  Is  the  prediction  of  fatigue 
crack  growth  starting  with  the  best  elliptical 
crack. 

The  nature  of  the  Ideal  calculation  Is  readily 
apparent.  In  this  case,  It  Is  assumed  that  the 
first  three  modules  of  the  non-ideal  calcualtlon 
are  replaced  by  Ideal  ones  whose  final  output  Is 
exactly  the  same  as  the  assumed  non-elliptical 
crack.  Thus,  the  prediction  of  fatigue  crack 
growth  starts  with  the  assumed  non-elliptical 
crack. 

The  Initial  elliptical  and  non-elliptical 
cracks  will  both  grow,  after  a  large  number  of 
stress  cycles,  Into  much  larger  planar  cracks  with 
nearly  circular  plan  views,  each  having  a  charac¬ 
teristic  average  radius.  The  comparison  of  the 
angular  average  radii  yielded  by  the  Ideal  and 
non- Ideal  calculations  will  be  used  as  the  measure 
of  the  sensitivity  to  model  error.  An  alterna¬ 
tive,  and  perhaps  simpler,  comparison  procedure 
Involves  the  consideration  of  equivalent  circular 
cracks.  As  shown  In  Fig.  2,  a  circular  crack  Is 
equivalent  to  a  planar  crack  of  arbitrary  shape  If 
they  both  evolve  asymptotically  (under  a  given 
cyclic  applied  stress)  Into  the  same  large 
circular  crack. 
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COMPUTATIONAL  RESULTS 

In  this  section  we  present  computational 
results  for  an  extreme  form  of  model  error,  1,e., 
we  consider  the  model  crack  to  be  circular  while 
the  actual  (In  the  sense  of  the  theoretical  exper¬ 
iment  discussed  above)  crack  consists  of  two 
separate  co-planar  circular  cracks.  The  partic¬ 
ular  cases  considered  are  depicted  In  Fig.  3, 


Fig.  3  "Theoretical  experiment"  using  the 

feature  d. 

i' -i*w' 

namely  (a)  two  Identical  circular  cracks,  both  of 
radius  a,  with  a  distance  b  between  centers  and 
(b)  two  nonidentical  cracks,  one  having  radius  a 
and  the  other  having  radius  a/2,  again  with  a  dis¬ 
tance  b  between  centers.  Less  extreme  cases  are 
currently  under  consideration  and  the  results 
ensuing  from  these  Investigations  will  be  pre¬ 
sented  In  a  future  communication. 

We  consider  mainly  two  kinds  of  features, 
namely  A2  and  d  for  a  set  of  In-plane  pulse  echo 
scattering  measurements.  The  quantity  A2132  Is  the 
scattering  amplitude  In  the  Rayleigh  (l.e.,  long 
wavelength)  regime  where  w  Is  the  angular  fre¬ 
quency.  The  quantity  d  Is  the  distance  from  the 
geometrical  center  (assuming  that  this  Is  defined) 
to  the  front- face  tangent  plane  (or  tangent  line 
In  the  crack  plane).  An  alternative  geometrical 
property  will  also  be  considered.  In  our  computa¬ 
tions  the  different  types  of  features  will  be  con¬ 
sidered  Individually.  A  study  was  made  with  A2 
and  d  as  simultaneous  Inputs  to  a  probabilistic 
Inversion1  algorithm,  with  varying  weights 
reflecting  the  assumed  standard  deviations  of  the 
experimental  errors  ascribed  to  the  two  fea¬ 
tures.  The  results  contained  no  Interesting 
surprises  and  will  not  be  reported  here. 

The  first  series  of  theoretical  experiments 
Involved  the  single  feature  A2  and  a  circular 
crack  model.  In  all  cases  It  was  assumed  In  each 
case  that  the  equation  between  the  actual  cracks 
was  sufficiently  large  that  the  quasi-static 
elastic  Interactions  between  the  cracks  could  be 
neglected  In  the  computation  of  A2.  With  this 
approximation  A2  consists  of  the  Independent  con¬ 
tributions  ol  the  two  circular  cracks  and  hence  Is 
Independent*  of  the  direction  of  the  Incident 
wave.  Efforts  to  compute  the  effect  of  Inter¬ 
action  on  A2  ran  into  computational  difficulties 
and  consequently  results  are  not  yet  available. 

The  fatigue  growth  of  the  model  and  actual  cracks 
was  represented  In  terms  of  the  concept  of  equiv¬ 
alent  circular  crack  as  explained  In  the  last 
section.  In  the  case  of  the  actual  crack  the 
fatigue  process  was  treated  both  with  and  without 
Interaction  between  the  separate  circular  cracks. 


*lt  is  to  be emphasized  that  the  wavelength  Is 
assumed  to  be  large  compared  with  the  total 
complex  scatterers  composed  of  both  circular 
cracks. 


In  Table  I  we  present  results  for  the  case  In 
which  the  actual  crack  consists  of  two  circular 
cracks  with  equal  radii  ai  =  3,2  =  a  »  1  and  with 
various  values  of\the  center- to-center  distance 
b.  The  estimate  r  of  the  radius  of  the  model 
circular  crack  was  obtained  by  observing  that  A2 
for  a  circular  crack  Is  proportional  to  the  cube 
of  Its  radius  and  r  Is  the  cube  root  of  the  sum  of 
the  cubes  of  the  radii  of  the  separate  circular 
cracks.  The  quantity  re  Is  the  radius  of  the 
equivalent  circular  crack.  As  stated  before,  It 
Is  computed  with  and  without  Interaction.  In 
Table  2  the  radii  ai  and  a2  are  different,  namely 
ai  =  1  and  a2  ■  0.5.  The  results  are  of  course 
similar  to  those  with  equal  radii.  Considering 
the  extreme  nature  of  the  model  error.  It  Is 
surprising  that  r  and  r„  are  In  such  close  agree¬ 
ment.  This  means  that  failure  prediction  based 
upon  A2  alone  Is  quite  Insensitive  to  model  error 
(at  least  In  the  case  of  fatigue  crack  growth  in 
metals). 


Table  1.  Equal  Circles  (a  =  1) 
Input  Feature:  A2 


Model : 

Circular  Crack 

b 

r 

req 

No  Int. 

Interact 

No  Int. 

2.5 

1.26 

1.37 

1.31 

3 

II 

1.35 

1,27 

4.5 

II 

1.27 

1.18 

6 

II 

1.23 

1.17 

Table  2.  Unequal  Circles  (ax  *  1.  *2 

Input  Feature:  A2 

Model:  Circular  Crack 

=  0.5) 

b 

r 

req 

No  Int. 

Interact 

No  Int. 

2 

1.04 

1.11 

1.09 

3 

It 

1.09 

1.07 

4 

II 

1,07 

1.05 

5 

II 

1.07 

1.04 

A  second  series  of  theoretical  experiments  was 
conducted  with  the  d' s  (the  distances  from  tne 
center  to  the  front  face  tangent  planes)  as  the 
sole  features.  There  we  have  considered  only  the 
case  In  which  the  radii  ai  and  32  are  equal  with 
the  common  value  denoted  by  a  which  Is  set  equal 
to  1.  In  Table  3,  we  present  results  In  which  it 
is  assumed  that  the  Incident  directions  of  pulse- 
echo  elastic  waves  are  chosen  to  be  given  by 
multiples  of  45°  with  representative  configura¬ 


tions  shown  In  Fig.  3.  The  best  estimate  ?  of  the 
radius  of  the  circular  model  crack  Is  the  average 
of  all  of  the  d's  and  these  estimates  are  listed 
in  the  second  column.  The  values  of  reo  Is  the 
same  as  those  given  In  Table  1.  It  wITr  be  noted 
that  the  agreement  between  ?  and  either  of  the 
values  of  re_  Is  poor,  especially  for  the  larger 
values  of  b.  t!  is  means  that  failure  prediction 
based  upon  th<  s  along  is  relatively  sensitive 
to  model  error.  In  Table  4,  we  show  that  a 
different  geometrical  feature,  the  total  area  of 
the  crack,  yields  much  greater  insensitivity  to 
model  error. 


Table  3.  Equal  Circles  (a  =  1) 

Input  Feature:  d's 
Model:  Circular  Crack 


b 

r 

req 

Interact 

No  Int. 

2.5 

1.76 

1.37 

1.31 

3 

1.91 

1.35 

1.27 

4.5 

2.26 

1.27 

1.18 

6 

2.81 

1.23 

1.17 

Table  4.  Equal  Circles  (a  =  1) 

Input  Feature:  Total  Crack 

Area 

Model : 

Circular  Crack 

U 

r 

req 

Interact 

No  Int. 

2.5 

1.41 

1.37 

1.31 

3 

II 

1.35 

1.27 

4.5 

II 

1.27 

1.18 

6 

II 

1.23 

1.17 
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ABSTRACT 

Rayleigh  surface  waves  are  proposed  as  a  non-destructive  method  to  find  the  depth  of  surface  cracks. 

The  paper  describes  how  dynamic  photoelasticity  was  used  to  develop  an  understanding  of  the  subsurface 
Interactions  between  R-waves  and  a  narrow  slot.  A  frequency  analysis  of  the  transmitted  wave  confirmed 
that  the  slot  acts  as  a  low  pass  filter  for  the  high  frequency  Fourier  components  of  the  Input  wave.  It  Is 
then  shown  that  the  high  frequency  cut-off  In  the  spectrum  of  the  transmitted  wave  from  broadband  ultra¬ 
sonic  surface  pulse  can  be  used  to  determine  the  depth  of  surface  slots. 


INTRODUCTION 

During  recent  years  Investigators  started  to 
recognize  the  potential  value  of  Rayleigh  waves  for 
characterizing  surface  and  near  surface  defects  (1). 
This  wave  has  its  energy  confined  to  a  depth  of 
approximately  two  times  Its  wavelength  (2)  which 
makes  It  eminently  suitable  for  Interrogating  near 
surface  defects.  Reinhardt  and  Dally  (3)  used 
photoelastic  visualization  to  study  the  interaction 
of  Rayleigh  waves  with  surface  flaws,  They  found 
the  variation  of  transmission  and  reflection  coef¬ 
ficients  for  slots  with  depths  up  to  half  of  the 
Rayleigh  wavelength.  Bond  (4)  used  f In i te  d 1 f fer- 
ence  modeling  to  obtain  quantitative  Information  on 
the  interaction  of  Rayleigh  waves  with  boundary  and 
flaw  configurations  that  w  re  analytically  intract¬ 
able.  Silk  (5)  and  Hall  (6)  used  liming  methods  on 
the  Rayielgh  w  to  find  the  depths  of  slots  and 
cracks  with  well  defined  tips. 

Ultrasonic  frequency  analysis  has  been  used 
mainly  to  characterize  Internal  flaws.  Adler  (7) 
used  this  method  to  determine  the  shape  of  burled 
flaws.  Morgan  (8)  analyzed  the  reflected  s!gnal 
from  a  slot  milled  In  aluminum  and  found  certain 
modulations  In  the  frequency  spectrum.  These  are 
caused  by  resonances  of  the  crack  faces  and  as  such 
should  contain  the  necessary  Information  to  charac¬ 
terize  cracks.  Ayter  and  Auld  (9)  used  analytical 
methods  to  relate  these  resonant  frequencies  to 
crack  size. 

This  paper  describes  an  experimental  study 
using  the  spectral  analysis  of  signals  to  determine 
the  depth  of  surface  cracks.  The  technique  has 
much  potential  for  research  because  there  are 
several  different  modes  of  converted  and  scattered 
signals  that  should  be  Investigated  to  find  how 
they  correlate  to  crack  depth.  Some  theoretical 
analyses  of  Rayleigh  wave  scattering  hy  surface 
defects  has  been  done  by  Tlttmann(lO)  and  Auld  (11), 
but  experimental  and  numerical  studies  are  needed  to 
fully  develop  this  method  to  the  point  where  It  can 
provide  quantitative  information  about  surface  and 
subsurface  defects. 


*0perated  for  the  U.S.  Department  of  Energy  by  Iowa 
State  University  under  contract  No.  W-7405-Eng82 . 


DYNAMIC  PHOTOELASTICITY 

Dynamic  photoelastic  visualization  (12)  of  the 
Interaction  between  Rayleigh  waves  and  slots  (13) 
were  obtained  on  models  made  from  6.3  mm  (1/4  Inch) 
thick  sheet  of  a  polyester  type  material  "Homallte- 
100."  R-waves  were  generated  by  exploding  small 
lead  azide  charges  on  the  top  edges  of  the  plates. 
For  each  slot  (width  i  mm)  a  sequence  of  16  dynamic 
photographs  were  obtained.  These  showed  the  Inci¬ 
dent  Rayleigh  wave,  Its  Interactions  with  the  slot, 
and  the  transmitted  and  reflected  waves  after  the 
Interaction.  Figure  1  shows  the  photoelastic  fringe 
pattern  after  the  Interaction.  The  following  nota¬ 
tion  was  devised  to  indicate  the  various  waves.  A 
capital  letter  indicates  the  type  of  wave,  P  for 
longitudinal  wave,  S  for  shear  wave,  PS  for  Von- 
Schmldt  wave,  and  R  for  Rayleigh  wave.  A  subscript 
Indicates  the  original  wave  from  which  a  particular 
mode  converted  wave  (capital  letter)  was  generated. 

A  superscript  Identifies  the  point  of  origin  on  the 
model  of  reflected  or  mode  converted  waves.  Another 
superscript  differentiates  between  a  reflected  (r) 
or  transmitted  (t)  component. 


Fig.  1  Photoelastic  visualization  of  R-wavc  after 
Interaction  with  a  slot. 

In  this  manner  the  notation  Indicates  a 
shear  wave  formed  by  mode  conversion  of  the  origi¬ 
nal  R-wave  at  the  first  upper  corner  of  the  slot, 
point  1  on  Fig.  1.  R^r  will  be  the  Rayleigh  wave 
reflected  from  the  original  R-wave  at  the  clot  tip 
(point  2).  S  Is  an  input  shear  wave  which  is 
strong  In  the  interior  and  reduces  to  zero  at  the 
surface. 
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The  photoelastic  results  show  clearly  that  the 
pattern  of  mode  conversions  and  the  Intensity  of 
the  various  waves  depend  strongly  on  the  depth  of 
the  slot. 

There  are  two  mode  converted  longitudinal  waves 
P2  and  p'"2.  It  Is  not  clear  from  which  wave  the 
two  fronts  P2  and  p'-2  are  generated.  The  source 
for  the  former  Is  point  2,  and  for  the  latter  point 
2  and/or  the  face  1-2.  The  Interaction  between  the 
slot  and  the  Rayleigh  wave  Is  the  most  Interesting. 
It  Is  known  that  the  depth  of  t. he  Rayleigh  wave  Is 
a  function  of  the  wavelength.  As  the  R-wave 
approaches  the  slot,  It  strikes  It  from  the  slot 
opening  to  the  slot  tip.  The  particle  motion  at 
the  slot  opening  will  contain  all  the  Fourier  com¬ 
ponents,  i.e.,  all  the  wavelengths  of  the  Input 
wave.  The  particle  motion  at  the  tip  will  be 
mainly  due  to  the  long  wavelength  parts  of  the  R- 
wave. 


The  Interaction  of  the  upper  portion  of  the 
wave  with  the  slot  opening  (point  1)  generates  a 
reflected  R,r-wave.  A  shear  wave,  S^,  Is  produced 
by  mode  conversion  from  the  R-wave  and  a  trans¬ 
mitted  Rayleigh  wave  turns  around  the  corner  and 
continues  down  the  front  face  of  the  slot  to  the 


tip.  Here  a  portion  of  the  R-wave  mode  converts  to 
a  shear  wave  $§,  another  portion  Is  reflected  back 
up  the  front  face  as  R2r  and  the  remainder  proceeds 
around  the  tip  and  up  the  face  of  the  slot. 


The  deeper  particle  motion  of  the  R-wave  will 
Intei act  with  the  slot  differently.  The  energy 
distribution  In  the  Rayleigh  wave  as  It  Interacts 
with  the  slot  Is  sketched  approximately  In  Fig.  2. 
The  figure  shows  that  the  deeper  particle  motion 
(corresponding  to  the  long  wavelengths)  goes  under 
the  slot  and  forms  another  Rayleigh  wave,  called 
here  an  "undercut"  R-wave.  The  deeper  particle 
motion  will  also  form  a  shear  wave  at  the  slot  tip 
which  will  scatter  from  the  tip.  The  transmitted 
signal  called  Rt  Is  a  composite  of  all  the  R-  and 
S-waves  diffracted  from  the  rack  tip.  The  shear 
wave  Is  present  In  the  transmitted  response  at  the 
surface  because  unlike  the  Input  S-wave  It  does  not 
graze  the  surface  but'strikes  at  an  angle. 


Fig.  2  Formation  of  the  undercut  wave. 

a)  R-wave  just  before  Interaction  with  the 
slot . 

b)  Identifiable  R-waves  after  Interaction 
with  the  slot.  Other  mode  converted 
waves  are  not  shown. 


The  fringe  order  of  the  transmitted  wave  at 
the  surface  gives  the  stresses  at  the  surface. 
Plotting  these  gives  the  shape  of  the  wave.  When 
the  frequency  of  the  transmitted  wave  was  analyzed, 
It  wss  clear  that  the  frequency  spectrum  depends  on 
the  depth  of  the  slot.  Figure  3  shows  the  magni¬ 
tude  of  the  spatial  frequency  distribution  for  the 
transmitted  waves  from  each  of  the  four  slots. 

There  are  significant  differences  In  the  frequency 
spectrums.  As  the  slot  depth  Is  Increased  from 
2.8  to  12.9  mm,  the  high  frequency  content  drops, 
while  the  low  frequency  content  remains  strong. 


Fig.  3  Frequency  magnitude  curves  for  four  dif¬ 
ferent  slots  from  transmitted  waves  In 
dynamic  photoelasticity. 

The  photoelasticity  results  suggested  that  a 
slot  will  act  as  a  low  pass  filter  by  cutting  off 
the  short  wavelength  (shallow)  components  while 
allowing  the  long  wavelength  (deep)  components  of  a 
Rayleigh  wave  to  pass  underneath  the  tip.  The  fre¬ 
quency  spectrum  of  the  deeper  portion  of  the  R-wave 
contain  the  low  frequency  (long  wavelength)  compon¬ 
ents  of  the  Incident  wave.  It  Is,  therefore,  rea¬ 
sonable  to  suggest  that  the  wavelength  at  which  the 
frequency  of  the  transmitted  wave  Is  "cut  off"  will 
be  the  frequency  at  which  the  wavelength  relates  to 
the  depth  of  the  slot.  If  this  Is  true,  the  fre¬ 
quency  spectrum  of  the  transmitted  wave  will  give 
quantitative  Information  on  the  depth  of  surface 
slots. 

An  ultrasonic  test  was  devised  to  test  this 
hypothesis.  The  transducers  used  wei  e  1-5-5  MHz, 
broadband,  R-wave  wedge  transducers  designed  for 
use  on  steel.  The  important  specification  for  them 
Is  that  the  Incident  wave  should  have  wavelengths 
that  will  excite  particle  motions  up  to  a  distance 
from  the  surface  which  Is  deeper  than  the  slot. 

The  models  were  steel  blocks,  with  O.A3  mm 
wide,  machined  slots,  which  were  I,  2,  3,  A,  5,  8, 
11,  and  II)  mm  deep.  These  depths  were  selected 
from  the  consideration  that  the  elliptical  particle 
motion  of  a  R-wave  penetrates  to  a  depth  of  2X. 
Thus,  a  wavelength  In  steel  of  3  mm  corresponds  to 
a  frequency  of  1  MHz.  It  will  excite  particle 
motion  as  deep  as  6  mm.  It  was  anticipated  that 
the  maximum  depth  to  which  this  analysis  would  work 
would  be  5  mm.  Beyond  6  mm  depth  there  should  not 
be  any  undercutting. 

The  test  specimens  were  low  carbon  steel 
blocks,  50  x  50  x  180  mm.  The  slots  were  machined 
light  across  the  top  faces  of  the  blocks,  and  the 
transducers  were  placed  50  mm  on  either  side  of 
the  slots. 
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I 
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The  signals  received  by  the  transducers  for  an 
uncut  block  and  for  slot  depths  of  2,  3.  and  5  ma 
are  shown  In  Fig.  4.  The  horizontal  axes  represent 
time.  The  sweep  rate  was  500  nanoseconds  per  divi¬ 
sion  and  the  relative  sensitivities  for  the  vertical 
scales  are  all  the  same  except  for  the  first  pic¬ 
ture.  On  the  same  scale  as  the  others  this  signal 
would  have  been  five  times  larger  than  shown. 

Reading  from  left  to  right  Identifies  the  signals 
arriving  at  the  "receiver"  In  sequence.  The  cap¬ 
tion  "R"  indicates  a  Rayleigh  wave.  The  first 
picture  represents  the  "Input"  signal.  This  Is  a 
pure  R-wave. 


a)  Input  wave. 


b)  2  mm  slot. 


c)  3  mm  slot. 


d)  5  mm  slot. 

Fig,  4  Oscilloscope  traces  or  amplitude  vs  time 
.ecords'for  transmitted  waves  for  differ¬ 
ent  slot  depths. 

Two  characteristics  stand  out: 

1.  A  sharp  signal,  captioned  R,  is  observed 
In  all  the  pictures.  The  shape  of  this  signal  does 
not  change  significantly  with  slot  depth.  Only  Its 
amplitude  changes  slightly.  This  signal  lags  be¬ 
hind  all  other  signals  and  the  lag  Increases  with 
slot  depth.  It  is  the  Rayleigh  wave  which  went  all 
around  the  slot,  and  Is  called  the  "cut  off"  R-wave 

2,  The  form  of  the  front  signal  which  leads 
the  cut  off  R-wave  is  the  same  for  all  the  cracks. 
It  has  two  peaks  and  a  valley.  As  the  slot  depth 
Increases  from  1  to  5  mm,  the  signal  decreases  In 
amplitude  and  broadens  out.  This  signal  leads  the 
cut  off  R-wave  and  could  be  composed  of  several 
interferrlng  waves.  These  may  Include:  (l)  the 
shear  wave  that  was  diffracted  by  the  tip  of  the 
slot  from  the  Incident  shear  wave  and  the  deep  por¬ 
tion  of  the  R-wave;  (ii)  the  undercut  R-wave;  (III) 
other  mode  converted  waves.  Since  this  signal  Is  a 
mixture  of  several  waves.  It  Is  not  perfectly 
smooth.  The  various  waves  present  In  this  signal 
cannot  be  Identified  as  they  arrive  at  approxi¬ 
mately  the  same  time. 

When  the  slot  depth  is  more  than  5  mm,  the 
front  signal  becomes  weak  and  disappears  com¬ 
pletely  at  II  mm.  This  Is  because  the  depth  of  the 
slot  becomes  greater  than  the  depth  of  Input  R-wave 
Also  the  diffracted  shear  wave  from  the  Incident 
shear  wave  decreases  due  to  increase  in  the  angle 
of  diffraction. 

It  Is  also  seen  that  the  cut  off  R-wave 
amplitude  does  not  change  significantly  when  the 
slots  are  deep.  The  signal  Is  smaller  for  the 
1  mm  slot,  and  Increases  2,  3,  and  4  mm.  This  Is 
because  as  the  slot  depth  Increases  from  1  mm  on¬ 
ward,  a  smaller  portion  of  the  energy  Is  In  the 
undercut  wave.  For  slots  deeper  than  5  mm  the 
amplitude  of  the  R-wave  changes  little  with  depth. 
There  is  no  undercutting.  The  amplitude  falls 
slightly  due  to  more  efficient  reflection  or  due  to 
attenuation  because  the  path  length  from  trans¬ 
mitter  to  receiver  is  larger  with  deeper  slots. 
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FREQUENCY  ANALYSIS 


The  schematic  of  the  computer  hardware  used  for 
the  analysis  Is  shown  In  Fig.  5.  The  sample  Is 
taken  from  the  ultrasonic  pulser  receiver  through  a 
Tektronix  sampling  oscilloscope.  The  sampling  scope 
Is  Interfaced  to  a  LSI-11  minicomputer.  The  soft¬ 
ware  In  the  system  Is  capable  of  sampling  the 
signal,  finding  the  FFT,  displaying  It,  and  plotting 
It  through  a  X-Y  plotter. 


Fig.  5  Schematic  of  computer  hardware. 

The  transmitted  signals  were  sampled  for  all 
the  machined  slots.  Care  was  taken  to  Include  all 
the  transmitted  signals  In  the  sample,  from  the 
diffracted  shear  wave  to  the  last  signal,  which  is 
the  cut  off  R-wave. 

The  frequency  magnitude  of  all  the  transmitted 
signals  Is  plotted  In  Fig.  6.  These  resemble  very 
closely  those  In  Fig.  3-  The  attenuation  of  fre¬ 
quencies  starts  from  the  high  frequency  end.  Care¬ 
ful  analysis  of  the  figure  reveals  that  all  the 
curves  approach  the  same  plateau  at  higher  fre¬ 
quencies.  The  plateau  Is,  In  fact,  the  curve  cor¬ 
responding  to  a  slot  of  5  mm.  After  the  curves  have 
dropped  to  the  level  of  the  plateau,  they  follow 
approximately  the  5  mm  curve.  The  curves  for  8,  11, 
and  Ik  mm  deep  notches  are  similar  to  the  one  for 
5  mm.  They  are  not  drawn.  The  plateau  curve  cor¬ 
responds  to  the  frequency  spectrum  of  the  cut  off 
R-wave  which  is  the  only  major  signal  for  slots  of 
5  mm  and  longer.  Thus,  If  the  cut  off  R-wave  Is 
removed  from  all  the  transmitted  signals,  the  pla¬ 
teau  will  be  removed.  The  last  signal,  i.e.,  the 
cut  off  R-wave  was  digitally  zeroed  and  the  fre¬ 
quency  magnitudes  plotted  In  Fig.  7-  The  curves 
obtained  were  smooth  and  showed  very  clearly  that 
the  attenuation  of  frequency  components  started 
from  the  high  frequency  end  and  proceeded  to  lower 
frequencies  as  the  slot  depth  increased.  These 
curves  correspond  to  the  frequency  magnitude  of  the 
undercut  R-wave,  the  diffracted  S-wave  from  the 
Incident  S-  and  R-waves,  and  mode  converted  waves. 
The  mode  converted  signals  are  very  small  and 
clearly  do  not  nave  a  significant  effect,  except 
in  cases  where  the  undercut  R-wave  and  the  dif¬ 
fracted  S-wave  are  weak. 


Fig.  6  Frequency  magnitude  of  the  transmitted 
ultrasonic  waves. 


Fig.  7  Frequency  magnitude  of  the  undercut  R-waves 
and  diffracted  shear  waves  from  ultrasonic 
tests . 


Figure  7  confirms  wh3t  previous  figures  sug¬ 
gested,  namely  that  the  frequency  attenuation 
starts  from  the  higher  side  and  moves  to  the  lower 
side.  To  correlate  this  aspect  quantitatively,  It 
is  necessary  to  relate  a  particular  point  on  the 
curve  to  the  slot  depth.  One  of  the  points  chosen 
was  where  the  frequency  magnitude  first  goes  to  a 
minimum.  It  Is  called  the  "cut  off"  point  because 
the  frequency  components  which  are  hlgner  than  the 
frequency  co-respond I ng  to  this  point  were  "cut 
off"  by  the  slot.  These  points  on  the  curves  are 
Indicated  as  C),  Cj,  Cj,  and  C^  corresponding  to 
1  nzn,  2  mm,  3  mm,  and  k  mm  slots.  The  peak  of  the 
curves  also  relate  to  the  slot  depth.  These  points 
are  called  P)  ,  P2,  P3,  and  P^  as  shown  In  Fig.  7- 
The  "cut  off"  points  and  the  wavelengths  corres¬ 
ponding  to  the  peak  and  cut  off  points  are  tabj- 
lated  In  Table  I  and  plotter!  In  Figs.  8  and  9. 

Table  1 


Slot 

(mm) 

Cut  off 
frequency 
(MHz) 

Cut  off 
wavelength 
(mm) 

Peak 

f  requency 
(MHz) 

Peak 

wavelength 

(mm) 

1 

3.29 

0.9 

1  .25 

2.k 

2 

2.00 

1  .5 

0.85 

3.5 

3 

1  -35 

2.2 

0.6k 

k  •  7 

k 

0.93 

3.2 

0.52 

5.8 
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depth.  Thus: 


Fig.  8  Relationship  between  "cut-off"  wavelength 
and  depth  of  surface,  slots. 


Fig.  9  Relationship  between  "peak"  wavelength  and 
depth  of  surface  slots. 

CONCLUSIONS 

The  property  of  the  Rayleigh  wave  which  re¬ 
laces  the  wavelength  to  Its  depth  below  the  surface 
has  been  effectively  used  to  find  the  depths  of 
slots.  Figure  8  shows  that  the  depth  of  a  slot  Is 
nearly  linearly  related  to  the  wave'ength.  The 
slope  of  the  line  Is  0.8.  Tnus,  a  slot  of  3  mm 
cuts  off  all  the  wavelengths  which  ara  less  than 
about  2.4  mm.  The  theory  (2)  predicts  that  the 
particle  motion  excited  by  an  R-wave  Is  localized 
to  a  depth  of  2A.  The  results  from  both  photo- 
elastic  and  ultrasonic  tests  show  that  the  slot  Is 
fairly  efficient  filter  for  wavelengths  less  than 
0.8  times  the  slot  depth.  The  wavelengths  In  the 
undercut  R-wave  and  other  waves  scattered  from  the 
slot  tip  are  all  longer  than  0.8  times  the  slot 


Slot  depth  »  1 .25  (cut-off  wave  length) . 

So  In  using  this  technique  for  Inspection  pur¬ 
poses  the  bandwidth  of  the  R-wave  should  be  such 
that  the  shortest  wavelength  (highest  frequency)  Is 
0.8  times  the  shortest  crack  depth  that  needs  to  be 
Inspecced,  The  largest  wavelength  (lowest  fre¬ 
quency)  should  be  longer  than  0.8  times  the  deepest 
crack  that  Is  expected.  Increasing  the  maximum 
wavelength  to  one  times  the  crack  depth  gives  a 
better  resolution  and  should  be  considered  the  pre¬ 
ferred  limit.  In  doing  this  the  undercut  R-wave 
will  be  much  stronger  than  the  mode  converted  waves 
and  will  thus  be  affected  less  by  them.  Thus,  If  It 
Is  required  to  size  cracks  from  I  mm  to  10  mm,  the 
wavelengths  In  the  R-wave  should  be  from  0.8  mm  to 
10  mm. 
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SUMMARY  DISCUSSION 


Leonard  Bond,  Chairman  (University  College  London):  As  chairman,  I  will,  in  fact,  make  a  conment.  It's 
very  gratifying  to  see  one's  numerical  results  confirmed  by  visualization.  It's  a  great 
rel  lef. 

Gordon  Kino  (Stanford  University):  We  published  a  paper  a  year  ago  on  resonances  of  slots  of  this 
kind.  I  think  the  basic  explanation  Is  that  the  Rayleigh  wave  propagates  down  the  slot,  so 
that  you  get  resonance  associated  with  the  slot.  There  Is  also  another  resonance  associated 
with  the  width. 

Chris  Burger  (Ames  Laboratory):  The  resonances  are  very  strongly  present.  I  think  we'll  talk  about 
those  In  the  next  paper  which  deals  with  the  reflected  wave.  The  transmitted  wave  does  not 
show  strong  resonances. 

Gordon  Kino:  You  talk  about  maxima  and  minima.  That's  just  another  word  for  resonance. 

Chris  Burger:  Maybe.  Let  us  look  at  the  transmitted  wave  for  a  slot  where  we  have  fairly  good 

separation.  We  are  only  looking  at  the  first  portion  of  the  wave.  Sort  of  three  cross-over 
points  from  the  slot.  This  Is  the  .kind  of  characteristic  that  you  can  ask  a  computer  to 
Identify.  Look  at  the  wave  that  follows  Immediately  after  the  third  cross-over  point.  This  Is 
the  Rayleigh  wave  which  propagated  around  the  slot.  The  component  which  we  are  looking  at  In 
the  shear  that  comes  from  the  tip  of  the  slot  together  with  the  cut-off  Rayleigh  wave.  I  do 

not  think  that  there  are  too  many  resonances  In  that  portion  of  the  wave. 

Volker  Schmitz  (Battelle  Northwest):  Are  the  formulas  you  showed  independent  of  the  transducer?  If  you 
change  the  transducer,  would  It  change  the  frequency  spectrum  of  your  transmitted  signal? 

Would  it  change  the  formula? 

Chris  Burger:  The  answer  is  probably  yes.  We  do  r.ot  Know.  We  only  did  it  with  one  transducer.  I'm 
not  proposing  that  the  formula  is  a  unique  relationship  of  how  deep  the  crack  Is.  There  Is, 
however,  a  clear  relationship  between  the  characteristic  points  In  the  spectrum  and  the  depth 
of  slot.  This  kind  of  approach  Is  worth  pursuing. 

In  fact,  I  don't  see  much  use  for  a  formula  for  open  slots.  We  need  to  progress  from  here  to 
slots  where  we  have  residual  stresses  at  the  root  to  see  If  the  technique  is  sensitive  to  such 

stresses.  I  hope  It's  not.  Then  we  can  move  on  to  open  cracks  and  to  closed  cracks.  At  that 

point  we  may  be  Interested  In  devloplng  more  generalized  equations  that  will  be  of  practical 
value. 

Sevlg  Ayter  (Stanford  University):  In  the  reduced  frequency  spectrum,  after  the  first  maxima  and  minima 
there  are  a  few  ripples.  Do  you  try  to  analyze  them? 

Chris  Burger:  Yes,  we  tried  to. 

Sevlg  Ayter:  Did  you  relate  it  to  the  resonances? 

Chris  Burger:  Yes,  we  did  get  some  information,  but  we  were  pragmatic  at  that  point.  We  looked  at  the 
main  signature,  because  it  contains  the  most  Information.  We  were  looking  for  the  strongest 
Indication  which  relates  most  diectly  and  unambiguously  with  crack  depth. 

Leonard  Bond,  Chairman:  Thank  you  very  much. 
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ABSTRACT 

This  paper  describes  a  method  for  determining  the  depth  of  machined  slots  simulating  cracks  by  the 
use  of  Rayleigh  waves.  Six  slots  varying  In  depth  from  0.5  mm  to  3.0  tin  fabricated  in  medium  carbon 
steel  have  been  sized  using  a  commercially  available  1.5  KHz  Rayleigh  wave  transducer.  One  measurement 
using  the  pulse-echo  method  is  made  for  determining  the  depth  of  the  crack.  Minima  in  the  deconvolved 
spectra  are  shown  to  correspond  to  various  vibration  modes  of  the  crack.  A  fixed-free  bar  vibration 
model  yields  acceptable  results.  A  correlation  study  between  various  time-domain  features  with  slot 
depth  is  also  included. 

INTRODUCTION  depth.  They  used  several  angular  positions  to 

determine  the  depth  of  the  cracks.  An  interfer- 
Surface-breaking  cracks  have  been  found  in  ence  model  was  proposed  to  provide  information 

structural  components  in  practically  every  indus-  regarding  the  length  of  the  crack.  Similarly, 

try.  Historically,  such  cracks  are  detected  by  Domarkas  et  al11  reported  spectral  techniques  for 

visual,  dye-penetrant,  magnetic  particle,  and  determining  the  length  and  depth  of  the  cracks, 

ultrasonic  techniques.  However,  these  methods  Further  discussions  of  their  analysis  are 

either  are  incapable  of  yielding  crack  depth  infor-  presented  in  the  next  section, 

mation  or  have  not  been  used  in  that  mode.  One 


possible  solution  for  detecting  and  sizing  surface¬ 
breaking  defects  is  by  using  ultrasonic  Rayleigh 
waves  which  have  several  unique  properties  for  the 
task.  For  example,  these  waves  attenuate  rapidly 
towards  the  inside  of  the  material,  and  the  par¬ 
ticles  at  a  depth  greater  than  two  wavelengths  are 
practically  stationary. 

Methods  to  size  surface-breaking  cracks  using 
Rayleigh  waves  in  the  pulse-echo  and  through-trans¬ 
mission  modes  have  been  reported  by  several  inves¬ 
tigators.1'5  The  majority  of  these  techniques 
were  based  either  on  time-of-fl ight  measurement  or 
spectral  analysis  approaches.6  Time-of-flight 
methods  to  determine  the  depth  of  surface  cracks 
have  been  used  by  Silk,1  Silk  and  Lidington,2  and 
Hall.3  In  the  pulse-echo  mode,  the  difference 
between  the  time-of-arrival  of  the  reflection  from 
the  crack  opening  and  from  the  crack  tip  were  uti¬ 
lized  to  determine  the  crack  depth.  In  the 
through-transmission  mode,  the  total  time  taken  by 
the  Rayleigh  waves  to  go  around  the  crack  was 
shown  to  be  directly  related  to  the  depth  cf  the 
crack  provided  th^at  the  crack  was  much  deeper  than 
the  wavelength  of  the  ultrasonic  waves.7  These 
time-of-flight  techniques  have  limitations  when 
the  crack  depths  are  nearly  the  same  magni tude  as 
the  wavelength  of  the  propagating  wave.  In  such 
cases,  spectral  analysis  technique-  have  been 
employed. 

Burger  and  Singh's8  spectroscopic  analysis 
using  the  through-transmission  mode  revealed  that 
slots  act  as  low  pass  filters  for  the  Rayleigh 
waves.  Tittman  et  al9*10  related  the  peak  fre¬ 
quency  of  the  reflected  Rayleigh  wave  to  the  slot 


A  simple  procedure  for  determining  the  depth 
of  surface-breaking  cracks  using  one  pulse-echo 
measurement  and  a  conventional  Rayleigh  wave  trans¬ 
ducer  is  described  in  this  paper.  It  is  shown 
that  a  fixed-free  bar  vibration  model  yields 
acceptable  results.  A  parametric  study  of  various 
time-domain  features  such  as  pulse  duration,  rise 
time,  and  fall  time  is  presented  along  with  a  dis¬ 
cussion  of  the  results.  The  method  reported  in 
this  paper  seems  more  suitable  for  field  applica¬ 
tion  purposes  than  presently  used  approaches. 


THEORY 


Based  on  the  experimental  evidence,  the  inter¬ 
action  of  a  Rayleigh  wave  with  a  slot  can  be 
divided  into  two  regimes:  (1)  depth  of  the  slot 
larger  than  the  wavelength  and  (2)  depth  of  the 
slot  smaller  than  the  wavelength.  For  cracks  with 
depths  much  larger  than  the  wavelength,  arrival 
time  techniques  have  been  employed. 1  >2 «3  Obvi¬ 
ously,  these  techniques  would  be  limited  to  those 
cracks  where  crack  opening  and  crack  tip  signals 
do  not  superimpose.  In  cases  where  superimposed 
signals  are  observed,  spectral  techniques  can  be 
employed  to  determine  the  crack  depth.  Tittman 
et  al9  used  the  interference  between  the  wave 
reflected  from  the  slot  opening  and  the  slot  tip 
to  determine  the  depth  of  electro-discharge 
machined  slots  In  a  plate  of  conmercial  aluminum. 
They  found  that  the  interference  between  the  two 
waves  resulted  in  a  peak  In  the  frequency  spectrum 
which  is  given  by 


f  -  R 
fd  2d 
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where  Vr  is  the  Rayleigh  wave  velocity,  d  is  slot 
depth,  and  f(j  is  the  peak  frequency  corresponding 
to  the  depth  'd'. 

Ayter  and  Auld12  presented  a  theoretical 
model  to  explain  the  resonances  observed  experimen¬ 
tally  in  the  frequency  spectrum  of  the  reflected 
wave.  They  addressed  the  crack  as  a  section  of 
the  acoustic  waveguide  In  which  resonances  are 
treated  as  standing  waves  In  the  length  and  depth 
directions.  By  taking  both  faces  Into  considera¬ 
tion,  they  explained  resonances  of  all  orders. 

The  length  and 'depth  resonances  In  the  frequency 
spectrum  correspond  to 


VR  1 

fl  =  It  +  i) 


where  H  and  N  are  the  mode  indices  and  f i  is  the 
peak  frequency  corresponding  to  a  slot  of  length 
'  V . 

Domarkas  et  alu  have  postulated  that  the 
incident  surface  wave  excites  the  crack  to  vibrate 
In  the  length  and  depth  directions.  When  excited 
in  the  depth  direction,  the  crack  can  be  modeled 
as  a  fixed-free,  laterally  vibrating  bar.  The  bar 
resonates  when  its  length  equals  (2N  -  1 ) x/4  where 
N  is  the  mode  of  resonance.  Similarly,  if  the 
crack  tip  is  assumed  to  be  the  fixed  end  and  the 
crack  opening  to  be  a  free  end,  the  crack  will 
resonate  when  its  depth  equals  (2N  -  1 ) x/4 .  This 
results  in  absorption  of  energy  and,  therefore, 
sharp  minima  in  the  frequency  spectrum  of  the 
reflected  wave  corresponding  to  the  resonant 
frequencies. 

The  frequency  spectra  due  to  such  resonances 
is  modulated,  and  one  expects  to  observe  several 
maxima  and  minima  in  the  spectrum.  Due  to  the 
limited  bandwidth  of  the  commercial  transducers, 
only  few  modes  are  observed.  The  minima  corre¬ 
sponding  to  the  resonant  frequency  are  given  by 


fN  “  is (2N  -  » 


where  is  the  frequency  corresponding  to  a  mini¬ 
mum  and  N  is  the  mode  of  resonance. 

The  results  due  to  this  fixed-free,  laterally 
vibrating  bar  model  (Equation  4}  are  compared  with 
the  experimental  results  described  in  the 
following  section. 

EXPERIMENTAL  ANALYSIS 

An  experiment  was  carried  out  on  an  ultra¬ 
sonic,  signal  processing  test  bed  system.  A 
KB-Aerotech,  UTA-III,  was  used  as  an  ultrasonic 
pul ser-recei ver.  The  waveform  was  displayed  on  a 
Tektronix  scope  and  was  digitized  by  a  Biomatlon 
8100  transient  waveform  recorder.  The  digitized 
waveform  was  then  analyzed  using  the  Data  General 
Nova  computer  system. 


A  commercially  available  9.5-mm  diameter,  1.5 
MHz  center  frequency  transducer,  mounted  on  a  shoe 
to  yield  Rayleigh  waves,  was  used  In  this  experi¬ 
mental  set.  Data  were  acquired  from  a  medium  car¬ 
bon  steel  block  with  six  slots  of  uniform  width 
(0.4  nm)  cut  across  the  entire  width  of  the  block. 
Depths  of  these  slots  ranged  from  0.5  mm  to  3.0 
mm.  The  difference  In  the  depths  was  taken  as  0.5 
mm  so  as  to  give  a  data  base  with  a  wide  range  of 
depths  (maximim  slot  depth  =  1.5XX  center  fre¬ 
quency  of  the  Input  wave). 

Figure  1  shows  the  frequency  spectrum  of  the 
reflected  waveforms  from  the  six  slots.  The  fre¬ 
quency  spectra  show  points  of  inflexion  rather 
than  strong  expected  modulations  (for  example 
Figs,  lc  and  Id).  These  Inflexion  points  corre¬ 
spond  to  the  absorption  of  energy  as  outlined  pre¬ 
viously.  To  magnify  the  inflexion  points  and 
derive  useful  Information,  a  deconvolution  proce¬ 
dure  was  applied.  It  consisted  of  a  complex  point- 
by-point  division  of  a  slot  spectra  with  the  refer¬ 
ence  spectra.  In  this  case,  the  reference  was 
obtained  by  averaging  he  six  spectra.  (Similar 
results  are  expected  when  the  reference  Is  taken 
from  a  sharp  corner  on  the  edge  of  the  block.) 
Figure  2  shows  results  of  the  deconvolved  spectra 
for  all  of  the  slots  under  consideration.  Notice 
that  sharp  minima  are  observed  corresponding  to 
inflexion  points  in  the  frequency  spectra  (Fig. 

1).  In  almost  all  cases,  several  minima  are 
gL  <>rved.  These  minima  can  be  shown  to  correspond 
to  the  various  modes  of  resonance.  Table  1  shows 
the  calculated  frequencies  for  different  modes  of 
resonance  from  Equation  (4)  and  experimentally 
observed  values.  The  useful  bandwidth  of  the 
transducer  ranges  from  0.7  MHz  to  2.75  MHz,  and 
any  other  frequency  is  labelled  as  “out  of  fre¬ 
quency  range." 

Table  2  shows  the  actual  depth  and  the  depth 
calculated  using  Equation  (4).  Notice  that  the 
average  error  is  8.2  percent  and  that  most  results 
are  within  the  experimental  error  bound.  The 
0.5-mm  slot  depth  yields  a  rather  large  error 
(minima  In  the  spectra  and  deconvolved  signal  are 
not  well  defined).  This  is  attributed  to  the  slot 
depth  to  width  ratio  which,  in  this  case,  is 
approximately  equal  to  one.  The  effects  due  to 
finite  width  are  expected  to  reduce  when  d/w»l. 
(The  depth  for  the  0.5-mm  slot  is  calculated  from 
the  first  mode,  whereas  the  second  mode  is  used 
for  all  other  slots.)  If  data  from  the  0.5-mm  and 
1-mm  slot  are  excluded  due  to  an  unacceptable  d/w 
ratio,  the  average  error  for  the  rest  of  the  four 
slots  ranging  In  depth  from  1.5  mm  to  3  mm  is  5.3 
percent. 

Observations  from  Fig.  2  also  Indicate  that 
the  minima  corresponding  to  the  second  mode  are 
the  strongest.  The  minima  corresponding  to  higher 
order  modes  are  not  so  well  defined,  and  some  of 
them  reduce  to  points  of  inflexion.  The  minima 
for  n  =  2  and  n  *  4  are  sharper  than  those  for  n  = 
3.  In  the  case  of  the  2.5-mm  deep  slot,  the  third 
mode  of  resonance  expected  at  1.5  MHz  is  not  ob¬ 
served.  The  reason  for  the  weaker  minima  corre¬ 
sponding  to  n  =  3  is  not  yet  clear. 

The  experimental  and  theoretical  results  as 
shown  in  Table  1  are  in  excellent  agreement. 
(Largest  error  =  10.6  percent  and  average  error  = 
5.1  percent  for  four  slots  1.5  nm  to  3,0  mm.) 


Relative  Magnitude  Relative  Magnitude 


Table  1  Calculated  and  Observed  Frequency  Minima  for  Various  Modes  of  Resonance 


Table  2 


''\Hade  of 

\1 Resonance 

M  -  1 

H  -  2 

H  *  3 

... 

M  -  5 

n  -  6 

\  fN 

Slot  \ 

Depth  (pm)  \ 

Calcu¬ 

lated 

Observed 

Calcu¬ 

lated 

Observed 

Calcu¬ 

lated 

Observed 

Calcu¬ 

lated 

Observed 

Calcu¬ 

lated 

Observed 

Calcu¬ 

lated 

Observed 

0.5 

1.5 

1.77 

1.0 

0./5 

1.05* 

2.25 

2.55 

Out  of  Frequency 

Range 

1.5 

1.50 

1.55 

2.50 

2.43 

2,0 

Out  of 

Frequency 

1.125 

1.16 

1.875 

1.84* 

2.625 

2.39 

2.5 

Reuge 

0.90 

0.96 

1.50 

H.O. 

2.10 

2.03 

2.70 

2.54 

3.0 

0.75 

0.83 

1.25 

1.14* 

1.75 

1.69 

2.25 

2.15 

2.75 

2.67 

H.O.  -  Hode  not  observed 
*  -  Point  of  Inflexion 


Measured  and  Calculated  Slot  Depths  Using  d 


VR/4fN  (2N-1) 


Slot  Depth 
Measured 
(mm) 

Resonance 

Mode 

Calculated 

Slot  Depth 
(mm) 

Percentage 

Error 

0.5 

i 

0.42 

16.0 

1.0 

2 

0.88 

12.0 

1.5 

2 

1.45  • 

3.3 

2.0 

2 

1.94 

2.0 

2.5 

2 

2,34 

6.4 

3.0 

2 

2.71 

9.7 

Average  Error  8.2Z 
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The  analysis  presented  could  be  very  simply 
applied  to  field  situations  if  the  relative 
magnitude  of  crack  sizes  was  known  a  priori.  This 
would  not  only  help  select  the  appropriate  fre¬ 
quency  transducer,  but  also  help  simplify  the  pro¬ 
cedure  for  determining  crack  sizes.  For  example, 
higher  frequency  transducers  should  be  employed 
for  the  sizing  of  shallow  surface-breaking  cracks. 
For  the  case  of  unknown  crack  depths,  a  broadband 
transducer  is  recommended.  This  would  enable  one 
to  observe  a  number  of  minima.  The  difference  in 
frequency  between  two  corresponding  minima  can  be 
directly  related  to  crack  depth  using  Equation  (5). 

Af  =  fN  +  1  -  fN  "  H 

Table  3  shows  the  slot  depth  as  calculated 
from  Equation  (5).  The  0.5-nm  slot  depth  could 
not  be  calculated  since  two  minima  are  not  ob¬ 
served  in  the  spectrum.  The  average  error  using 
this  approach  is  about  12.3  percent.  Interest¬ 
ingly,  this  approach  for  crack  sizing  yields  a 
larger  error  than  the  one  described  previously 
[Equation  (4)]. 

Various  time-domain  features  have  been 
studied  in  order  to  find  their  correlation  with 
slot  depth.  A  linear  correlation,  for  example, 
would  be  very  useful  in  implementing  these  tech¬ 
niques  using  sting  field  instrumentation. 

Figure  3  shows  a  correlation  between  several  time- 
domain  features  with  slot  depth.  Three  features-- 
rise  time,  fall  time,  and  pulse  duration— are 
plotted.  These  features  are  computed  from  the 
normalized  envelope  of  the  signal.  Rise  time  is 
defined  as  the  time  taken  by  the  signal  to  reach 
90  percent  of  the  peak  amplitude  from  a  10  percent 
value.  Fall  time  is  the  converse  of  rise  time. 
Pulse  duration  is  computed  between  10  percent  of 
the  peak  amplitude  points.  The  results  for  rise 
time  vs.  slot  depth  are  most  interesting  since 
they  show  a  pi ecewise-1 Inear  relationship  and 
offer  a  slight  hope  for  crack  sizing  using  simple 
measurements  and  conventional  Instrumentation. 

CONCLUSIONS 

A  procedure  to  accurately  size  crack  depths 
using  ultrasonic  Rayleigh  waves  was  developed. 

The  feasibility  of  the  technique  was  demonstrated 
on  siots  ranging  in  depth  from  0.5  mm  to  3.0  mm. 

A  single  pulse-echo  measurement  to  calculate  the 
slot  depth  makes  this  technique  very  practical  for 
field  use.  A  fixed-free,  laterally  vibrating  bar 
model  was  found  suitable  to  obtain  various  minima 
observed  in  deconvolved  spectra.  Excellent 
agreement  between  the  experiment  and  the  proposed 
model  was  shown.  Time  features  were  studied  in 
order  to  correlate  them  with  slot  depth.  The 
piecewise-1 inear  nature  of  the  rise  time  encour¬ 
ages  its  use  for  crack  sizing  using  conventional 
means. 
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Table  3  Measured  and  Calculated  Average  Slot  Depths  Using  d  =  V^/2if 


Measured 

Slot  Depth  (mm) 

Calculated 

Depth  (ram) 

Percentage  Error 

C.5 

! 

— 

1.0 

1.0 

0.0 

l.S 

1.7 

13.3 

2.0 

2.46 

23.0 

2.5 

2.78 

11.2 

3.0 

3.42 

14.0 

Average  Error  12 . 3% 


Fig.  3  Time  Domain  Features  Corresponding  to  Various  Slot  Depths. 
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SUMMARY  DISCUSSION 


Wolfgang  Sachse  (Cornell):  I  wonder,  what  you  described  Is  taking  the  signal  which  Is  transmitted  past 
your  slot;  had  you  frequency  analyzed  that? 

Anmol  Singh  (Southwest  Research  Institute):  This  Is  reflected  signal. 


Wolfgang  Sachse:  1  wonder  If  you  would  also  have  done  the  case  where  you  have  analyzed  the  signal  which 
Is  transmitted  past  the  slot  -  because  I  suspect  In  this  case  you  have  observed  minima  to  occur 
In  these  frequency  spectra.  That  Is  the  energy  absorbed  by  the  slide.  Whereas,  If  you  looked 
In  the  opposite  direction,  you  would  find  those  frequencies  would  have  peaks  in  the  spectrum. 
And  this  Is  very  similar  to  some  work  that  we  described  about  five  years  ago  at  this  meeting  In 
the  case  of  Inclusions.  If  you  look  at  the  forward  scattered  signals.  It's  the  peak  In  the 
spectrum,  because  It's  radiating  energy  at  those  signals.  If  It's  the  back  scatter  signal. 

It's  the  mlmlna  that  corresponds  to  the  resonance  frequencies  of  your  spectrum. 


Anmol 


Singh:  During  this  study  at  Southwest  Research  Institute  we  did 
transmitted  signal.  But  since  the  resonant  frequencies  for  a 
absorption  of  energy  the  mlnlmas  produced  In  scattered  waves, 
reflected  components  should  probably  be  the  same.  Thus  It  Is 
mlnlmas  in  the  reflected  signal  will  correspond  to  maxlmas  In 


not  analyze  the  resonances  of  the 
particular  dept  correspond  to 
l.e. ,  the  transmitted  and 
questionable  to  say  that  the 
the  transmitted  signal. 


While  I  was  at  Iowa  State  University  we  used  dynamic  photoelasticity  to  analyze  the  transmitted 
Rayleigh  wave  signal  past  a  slot.  A  part  of  this  work  was  presented  by  Professor  C.P.  Burger 
of  Iowa  State  In  the  earlier  paper.  In  that  study  the  transmitted  signal  showed  modulations  In 
the  frequency  spectrum  which  could  not  be  related  to  the  depth  of  the  slot.  This  Is  possible 
because  the  transmitted  signal  Is  a  sum  of  the  undercut  and  the  cut-off  Rayleigh  waves  as 
described  in  the  earlier  paper  by  Dr.  3urger.  Thus  if  we  can  separate  the  under-cut  and  the 
cut-off  waves,  and  analyze  each  of  them  we  may  be  able  to  relate  the  modulations  In  the  spectra 
to  the  depth  of  the  slot. 

James  Aller  (National  Science  Foundation):  On  Table  II  that  you  showed,  the  immediate  reaction  that  I 
have  Is  that  you  have  a  systematic  error  In  your  measurements.  So  ny  question  Is:  Is  that 
possible? 

If  you  just  added  a  fixed  calibration  number  to  the  calculated  depth,  you  would  end  up  almost 
on  the  button. 


Anmol  Singh:  On  which  column  of  the  figure  did  you  go  down? 

James  Allar:  Not  the  precentage,  just  the  calculated  depth  column.  And  if  I  take  the  difference 

between  calculated  depth  and  real  depth,  that  looks  to  be  a  straight-forward  delta  of  0.08. 

And  my  question  Is:  is  that  just  an  artifact  of  the  table,  or  Is  It  possible  you  have  a 
systematic  error? 

Anmol  Singh:  These  is  a  systematic  error  In  the  calculated  depth.  If  It  was  a  random  error,  the 

calculated  depth  would  be  both  greater  and  less  than  the  actual  depth.  Hare  all  of  them  are 
less  than  what  the  actual  depth  should  be. 

James  Aller:  How  wide  was  your  slot? 

Anmol  Singh:  It  was  0.04  mm.  It  Is  possible  that  the  width  affects  the  resonant  frequencies  which 

Introduce  a  systematic  error  In  the  calculated  depths.  I  believe  with  deep  cracks  you  may  not 
have  this  effect,  which  generates  a  systematic  error.  Secondly,  to  avoid  the  width  effect  we 
are  planning  to  analyze  the  signal  reflected  from  down  steps  of  different  depths.  This  will 
also  confirm  the  hypothesis  which  Is  based  on  the  resonances  of  the  crack  face.  We  want  to 
study  the  effect  of  the  reflected  wave  from  these  steps.  In  case  of  steps,  we  do  not  have  the 
width  effect  as  It  Is  a  plane  face  or  down  step. 


Gordon  Kino  (Stanford  University):  I  have  trouble  reading  the  table  from  here,  but  as  I  understood  the 
questioner,  there  Is  basically  a  constant  error.  It  surely  Is  just  that  these  slots  are  not 
necessarily  a  multiple  of  half  wavelength  or  quarter  wavelength.  There  is  an  end  effect  which 
we  talked  about  last  year,  and  I  think  this  year,  too,  which  has  to  be  taken  Into  account. 
There  Is  no  particular  reason  to  believe  It's  going  to  behave  like  an  open  circuit.  It  Is 
something  else.  So  you  would  expect  a  constant  correction. 

Leonard  Bond,  Chairman  (University  College  London):  We  have  time  for  one  more  question. 

Sevlg  Ayter  (Stanford  University):  One  comment.  You  said  you  only  made  one  measurement.  However  that 
assumes  that  you  know  the  orientation  of  the  slot.  If  you  don't  know,  you  will  also  have  to 
take  some  other  measurements,  since  the  crack  Is  not  Infinite.  So  you  have  to  first  determine 
the  orientation  and  hit  the  crack  with  normal  incidence. 
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Anmol  Singh:  We  ought  to  have  a  crack,  and  It  should  be  normal. 

Sevlg  Ayter:  So  you  need  more  than  one  measurement  to  determine  first  the  orientation  of  the  crack,  and 
then  depth. 

Anmol  Singh:  In  the  structural  components  we  know  what  the  direction  of  the  crack  Is  going  to  be  from 
the  direction  of  the  stress. 

Sevlg  Ayter:  You  mentioned  an  example  In  the  actual  field,  so  that  I  have  to  - 


Anmol  Singh:  That's  right.  But  what  I'm  saying  is  If  we  are  inspecting  a  pipe  with  cracks,  we  know  the 
direction  In  which  cracks  grow.  Also,  when  the  Inspection  Is  done,  the  transducer  is  moved  In 
different  directions.  We  look  at  the  signal  from  cracks  and  obtain  the  peak  response  from  the 
cracks.  On  obtaining  the  peak  slgna1  the  transducer  Is  placed  normal  to  the  crack. 

Leonard  Bond,  Chairman:  I  think  we  better  draw  discussion  on  this  paper  to  a  close  and  move  on  to  the 
next  paper. 


CRACK  DEPTH  MEASUREMENTS  WITH  THE  AID  OF  SAW  NDE 


'IIHWWWI 


8.  R.  Tlttmann,  L.  Ahlberg,  and  0,  Buck 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


ABSTRACT 

This  report  presents  results  of  measurements  of  crack  depth  with  the  aid  of  acoustic  bulk  and  surface 
waves.  Both  simulated  and  real  fatigue  cracks  were  examined.  Two  techniques  were  employed,  one  took 
advantage  of  the  very  efficient  inode  conversion  between  acoustic  surface  waves  and  shear  waves  at  the 
crack  tip;  the  other  technique  used  the  diffraction  of  shear  waves  at  the  crack  tip.  Both  techniques 
were  used  on  a  number  of  simulated  (spark  eroded!  and  real  cracks  in  A1  2024.  In  one  fatigue  specimen 
which  contained  an  elliptical  crack  4.5  irm  In  length  and  1.25  mn  in  depth,  crack  closure  studies  were 
carried  out.  The  precision  of  crack  depth  determination  was  judged  to  be  better  than  10%. 


OBJECTIVE 

The  ultimate  objective  of  this  task  Is  to 
predict  the  fatigue  life  of  a  metallic  component 
with  the  use  of  ultrasonic  nondestructive  eval¬ 
uation.  The  work  concentrates  on  predicting  the 
remaining  fatigue  life  for  a  single  fatigue  part- 
through  crack  above  the  "threshold”  value  for 
macrocrack  propagation.  Acoustic  surface  and  bulk 
waves  are  being  used  to  interrogate  the  crack 
during  cyclic  fatigue.  The  Inversion  of  the  scat¬ 
tering  data  provides  crack  size,  shape,  and  orien¬ 
tation  as  a  function  of  fatigue.  With  this  Infor¬ 
mation  and  metallurgical  data,  the  remaining  fatigue 
life  Is  obtained  from  fracture  mechanics.  The 
effective  stress  Intensity  Is  studied  which  should 
allow  Inclusion  of  environmental  as  well  as  random 
loading  effects  on  fatigue  life. 

INTRODUCTION 

During  the  previous  reporting  period  two  tech¬ 
niques  were  evaluated  for  measuring  the  length  and 
depth,  respectively,  of  fatigue  cracks  with  the 
use  of  acoustic  surface  waves. 1,2  Both  techniques 
are  specialized  to  the  case  In  which  the  wave¬ 
length  Is  smaller  than  both  the  crack  length  and 
depth.  The  technique  for  measuring  the  length  is 
based  on  the  diffraction  of  surface  waves  from  a 
crack  giving  rise  to  structure  in  the  angular  and 
frequency  dependence  of  the  scattered  power  such 
that  the  minima  and  maxima  have  positions  and 
spaclngs  which  are  used  to  Infer  the  crack  length. 
This  technique,  developed  earlier  for  spark  eroded 
slots,  was  also  found  to  give  good  results  for 
fatigue  cracks.  The  technique  for  measuring  the 
crack  depth  Is  based  on  multiple  conversions  of 
wave  energy,  starting  with  a  surface  wave  on  the 
specimen  surface,  conversion  to  a  guided  disper¬ 
sive  wave  on  the  crack  face  and  conversion  at  the 
crack  tip  to  a  bulk  (shear)  wave  travelling  to  the 
opposite  wall  of  the  specimen.  There,  upon 
reflection,  the  conversion  proceeds  In  reverse 
manner  so  that  the  transducer  used  as  transmitter 
may  also  be  used  as  receiver  for  this  multiply 
converted  return  signal.  By  the  use  of  echo  tim¬ 
ing  techniques  based  on  a  good  knowledge  of  the 
velocities  for  the  various  travel  paths,  the  crack 
depth  Is  determined  with  good  precision. 

Auxiliary  experiments  were  conducted  to  study 
the  effects  of  crack  closure.  In  Tl-alloy,  the 
closure  load  was  found  to  depend  strongly  on  crack 


451 


depth,  especially  In  the  near- threshold  regime. 
With  the  information  obtained,  the  bfe  prediction 
could  be  improved  considerably.  The  technique  has 
several  disadvantages,  such  as  restrictions  on 
specimen  geometry  for  the  proximity  of  a  suitable 
back  wall,  sensitivity  of  the  calculations  on 
errors  in  the  shear  and  Rayleigh  wave  velocities, 
and  need  for  refinement  In  the  model  describing 
the  Interaction  between  the  surface  waves  and  the 
crack.  A  fundamental  limitation  of  the  technique 
Is  Its  inability  to  provide  information  for  cracks 
inclined  to  the  surface. 

SUMMARY  OF  TECHNICAL  RESULTS 

The  work  accomplished  for  the  present  work 
period  consisted  of  a  continuation  of  studies 
started  previously  with  the  addition  of  one  new 
effort. 

Continued  effort  to  characterize  the  Interac¬ 
tion  of  surface  and  bulk  waves  with  part-through 
cracks  was  performed.  This  work  Involved  close 
Interaction  w,th  B.  Auld,  J.  Achenbach,  and  A.  Mai 
to  refine  current  models  for  this  Interaction. 

The  techniques  emerging  from  this  effort  were 
tested  on  the  life  prediction  of  an  A1  fatigue 
specimen  with  a  single  crack  whose  growth  was 
monitored  during  the  fatigue  cycling.  This 
fatigue  specimen  was  constructed  from  A1  2024-T6 
material.  Also  an  apparatus  was  constructed  to 
Impose  static  tensile  stress  on  the  crack  for 
crack  closure  studies. 

In  addition,  a  new  approach  was  developed  to 
determine  the  crack  depth  based  on  diffraction  of 
bulk  waves  around  the  tip  of  the  crack.  This 
approach  has  the  major  advantage  that  It  would 
provide  the  "true"  crack  depth  below  the  specimen 
surface,  independent  of  the  detailed  structure  and 
contour  of  the  crack.  The  discussion  of  the 
detailed  experimental  results  emphasizes  this  new 
work. 

DETAILED  RESULTS 

Our  recent  studies  have  shown  that  the  use  of 
diffraction  of  bulk  shear  waves  has  led  to  good 
success  In  crack  depth  measurements  on  rectangular 
and  elliptical  simulated  (spark  eroded)  cracks  and 
real  fatigue  cracks. 


4*45*1 


The  measurements  employed  a  commercial  luclte 
45°  angle  wedge  with  a  6.35  mn  diameter,  10  MHz 
shear  transducer  polarized  In  the  vertical  direc¬ 
tion.  Figure  1  shows  a  schematic  of  the  geometry. 
The  crack  depth  (d)  was  obtained  from  the  Incident 
angle  of  the  ultrasonic  beam  ( a) ,  the  shear  wave 
velocity  In  the  sample  In  the  polarization  direc¬ 
tion  (v$),  and  the  time  delay  measured  between  the 
crack  tip  and  crack  mouth  reflection  signals 
(t).  The  depth  Is  then  given  by  d  *  vst/2cose. 

SC80-8968 
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Fig.  1  Schematic  diagram  showing  sample  geometry 
and  transducer  configuration. 


Figure  2  shows  the  waveforms  corresponding  to 
the  crack  tip  and  mouth  for  a  2.54  mn  long, 

1.27  mm  deep  rectangular  simulated  crack.  Also 
shown  are  a  deconvolved  frequency  spectrum  and  the 
impulse  response  function  time  domain  waveform. 
Figure  3  shows  similar  waveforms  for  a  2.54  mn 
length,  1  nm  depth  elliptical  simulated  crack. 
Figure  3a  shows  the  "actual"  waveform  whereas 
Fig.  3b  displays  a  greatly  amplified  version. 
Clearly  dlscernable  Is  t.he  crack  tip  signal  with  a 
good  slgnal-to-nolse  ratio.  It  should  be  noted 
that  the  time  domain  plots  show  extensive  ringing 
after  the  crack  mouth  reflection  signals.  The 
reason  for  this  ringing  Is  not  clear  and  remains 
under  study. 

In  addition  to  the  studies  on  simulated 
cracks,  measurements  were  carried  out  on  actual 
fatigue  cracks  In  A1  2024-T3  tensile  specimens. 
Figures  4a  and  4b  are  the  time  domain  waveforms  of 
two  samples,  B-l  and  C-2  with  estimated  crack 
depths  of  1.25  and  1.95  mn,  respectively.  Again 
In  both  cases,  there  Is  extensive  ringing  In  the 
signal  after  the  main  crack  mouth  signal.  Table  1 
summarizes  the  results  of  the  experiments  and 
compares  the  estimated  with  the  actual  depths. 


Table  I.  Comparison  of  Measured  and 
Actual  Crack  Depths 


Sample 

Type 

Real 

Depth 

mm 

Measured 

Depth 

nw 

Error 

% 

Rect.  EDM 

1.27 

1.34 

+5.5 

Ell.  EDM 

1.00 

1.05 

+5.0 

Fatigue 

B-l 

-1.25 

1.14 

-8.8 

Fatigue 

C-2 

-1.95 

1.8 

-7.7 

Fig.  2  Shear  wave  Interrogation  of  2.54  mm  long, 
1.27  mm  deep  rectangular  simulated  crack 
prepared  by  spark  erosion.  Figure  2a 
shows  the  received  waveform  with  two 
echoes  from  crack  tip  and  crack  mouth, 
respectively.  Figure  2b  shows  the  decon¬ 
volved  frequency  spectrum,  showing  the 
Interference  between  the  large  crack  mouth 
signal  and  the  small  crack  tip  echo. 

Figure  2c  Is  the  result  of  transforming 
Fig.  2b  back  Into  the  time  domain  to 
obtain  Impulse  response  function. 

SCMM19 


TIME  (fu) 


Fig.  3  Same  as  Fig.  2  for  an  elliptical  slot 
2.54  mm  long  and  1  mm  deep.  Figure  3a 
shows  the  waveform  with  normal  magnifi¬ 
cation  and  3b  with  x4  magnification.  The 
crack  tip  echo  Is  clearly  dlscernable. 

The  DC  offset  probably  Is  an  artifact 
resulting  from  the  overload  by  the  main 
crack  mouth  signal. 
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Fig.  4  Shear  wave  Interrogations  for  two  dif¬ 
ferent  A1  2024-T3  tensile  stress  specimens 
with  fatigue  cracks  whose  depth  Is  not 
known.  Figure  4a  Is  for  sample  B-l  and 
Fig.  4b  Is  for  sample  C-2. 

As  may  be  seen  from  Table  1,  we  found  good  agree¬ 
ment  of  real  depth  and  measured  depth  for  the 
simulated  cracks.  Noticeable  now  Is  the  large 
discrepancy  between  the  estimated  crack  depth  and 
the  measured  depth  for  both  fatigue  cracks.  An 
obvious  cause  for  this  discrepancy  Is  the  fact 
that  the  cracks  are  at  least  closed  to  the  crack 
tip,  so  the  acoustic  signal  does  not  see  the  true 
crack  depth.2  Measurements  as  described  above  will 
have  to  be  performed  under  tensile  load  (to  open 
the  crack  fully),  which  will  be  the  objective  of 
further  studies.  One  Interesting  feature  that 
these  studies  will,  we  hope,  reveal  Is  whether  the 
crack  depth  diminishes  monotonlcal ly  with  compres¬ 
sive  stress  or  In  whole  segments.  In  terms  of  the 
ultrasonic  waveforms.  In  the  first  case  the  crack 
tip  echo  will  be  closer  and  closer  to  the  main 
echo  as  the  stress  Increases.  In  the  second  case, 
the  crack  tip  echo  will  not  move  but  will  become 
smaller  at  the  expense  of  another  crack  tip  echo 
growing  at  a  position  closer  to  the  main  echo. 

The  tensile  fatigue  specimen  was  constructed 
by  using  the  following  procedure.  Prior  to 
fatigue,  a  starter  notch  was  spark  eroded  (EDM)  In 
the  surface  of  a  large  dog-bone  specimen  of 
2024-T6  Al.  The  notch  was  2.5  mm  long  at  the  sur¬ 
face,  1.25  mm  deep  and  semi-circular  In  shape. 

Next  the  sample  was  fatigue  cycled  to  initiate  a 
crack  and  allow  the  crack  growth  by  about  1.25  tim 
In  radius.  Then  the  Initial  starter  notch  was 
machined  off  so  that  the  final  gauge  section  was 
25.4  wide,  9.0  nrn  thick,  and  contained  an 
elliptical  crack  4.5  urn  long  at  the  surface  and 
about  1.25  mm  deep. 

In  the  experiments,  the  crack  was  Illuminated 
with  Rayleigh  wave  pulses  from  a  direction  at 


right  angles  to  the  crack  plane.  The  receiver  was 
situated  opposite  to  the  transmitter  and  across 
the  crack.  The  data  could  be  collected  while  the 
tensile  specimen  was  In  a  special  loading  f-ame. 
This  frame  used  a  manual  hydraulic  pump  that 
allowed  us  to  achieve  stresses  In  excess  of 
35  ksl,  which  was  enough  tc  exceed  the  crack  open¬ 
ing  stress  In  this  material.  Figure  5  shows  an 
example  of  the  received  waveforms  displaying  the 
primary  transmitted  signal  and  then  about  4  ps 
later  the  signal  which,  as  discussed  earlier.  Is 
mode- converted  to  a  shear  wave  at  the  crack  tip 
and  Is  then  reflected  from  the  near  surface  of  the 
tensile  specimen.  The  waveforms  shown  In  Fig,  5 
were  obtained  at  an  applied  stress  of  about 
30  ksl.  Also  shown  In  tha  figure  at  the  bottom  Is 
the  frequency  spectrum  of  the  primary  transmitted 
signal  displaying  a  center  frequency  of  about 
6  MHz.  Similarly,  the  primary  reflected  signal 
(crack  mouth  echo)  and  the  secondary,  mode- 
converted  signal  (crack  tip  echo)  were  observed 
and  Fig.  6  shows  the  frequency  spectra  of  those 
signals,  respectively.  (Note  that  because  of  the 
low  slgnal-to-nolse  ratio  of  the  secondary,  mode- 
converted  signal,  the  signal  processing  required 
extensive  smoothing).  In  contrast.  Fig.  7  shows 
the  primary  transmitted  Rayleigh  wave  signal  and 
Its  frequency  spectrum  at  low  applied  stress. 
Notice  that  the  time-domain  data  do  not  show  a 
secondary  signal  but  exhibit  a  sizeable  pulse 
Immediately  following  the  main  signal.  (The 
precursor  signal  has  been  Identified  as  a  rever¬ 
beration  In  the  home-made  water  wedge  trans¬ 
ducer.)  Notice  also  that  the  frequency  spectrum 
shows  a  dramatically  lower  high-frequency  content 
than  the  corresponding  spectrum  at  high  applied 
pressure  (Fig.  5,  bottom).  The  contrast  between 
these  data  at  low  and  high  applied  stress  are  not 
completely  understood  at  this  time,  but  are 
assumed  to  be  associated  with  crack  closure  behav¬ 
ior.  Figure  8  shows  a  mosaic  of  micrographs  taken 
of  the  fatigue  crack  at  Its  mouth.  The  optical 
estimate  for  the  crack  length  Is  approximately 
4,5  mm. 


Fig.  5  Time-domain  waveforms  of  primary  and 
secondary  Rayleigh  wave  signals  trans¬ 
mitted  across  the  crack  (top).  Frequency 
spectrum  of  primary  signal  (bottom).  Data 
obtained  at  35  ksl. 
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Fig.  6  Frequency  spectra  of  primary  (crack  mouth 
echo)  and  secondary  (crack  tip  echo) 
Rayleigh  wave  signals  reflected  back  to 
the  transmitter. 


Fig.  7  Data  same  as  that  of  Fig.  5  but  at  about 
1  ksl. 


Next,  the  peak  signal  amplitudes  were  studied 
as  a  function  of  applied  stress  with  the  tensile 
specimen  In  the  loading  frame.  Figure  9  presents 
the  results  of  these  measurements  showing  at  the 
top  that  the  primary  transmitted  signal  (labeled 
"forward  scatter")  diminishes  with  Increasing 
applied  stress  until  at  some  critical  stress  the 
amplitude  stops  changing  as  the  stress  is  In¬ 
creased  further.  In  contrast,  the  primary  reflec¬ 
ted  signal  (labeled  "backscatter")  begins  at  low 
amplitudes.  Increases,  and  then  achieves  a  con¬ 
stant  amplitude  as  the  applied  stress  Is  Increased 
over  the  same  range  of  stress  values.  Thus,  the 
behavior  of  the  reflected  and  transmitted  signals 
act  qualitatively  complementary,  l.e.,  the  reflec¬ 
ted  grows  at  the  expense  of  the  transmitted  as  the 
crack  Is  opened  by  the  applied  stress.  Finally, 


Fig.  8  Mosaic  of  micrographs  obtained  for  crack 
In  fatigue  specimen. 


the  transmitted,  secondary,  mode-converted  signal 
(labeled  “crack  tip")  Is  not  visible  for  low 
values  of  applied  stress,  then  appears  at  about 
10  ksl.  Increases  In  amplitude  with  Increasing 
stress,  until  above  about  25  ksl  the  amplitude 
remains  constant  or  Increases  only  slightly. 

The  behavior  of  the  secondary,  mode-converted 
signal  was  studied  In  greater  detail,  as  shown  In 
Fig.  10,  At  the  bottom,  both  the  transmitted 
(labeled  "forward  scatter")  and  reflected  (labeled 
“back  scattered”)  signal  amplitudes  are  shown  and 
behave  comparably  as  a  function  of  applied 
stress.  Also  shown  In  the  middle  plot,  Is  the 
time  delay  between  the  primary  and  secondary  sig¬ 
nals.  As  discussed  earlier,  the  time  delay  Is 
used  to  calculate  the  crack  depth  which  is  plotted 
in  the  top  graph.  Also  shown  are  two  other  sets 
of  data:  the  solid  circles  were  obtained  with  use 
of  shear  wave  diffraction  as  described  earlier  for 
the  spark  eroded  slots.  The  single  data  point  In 
the  form  of  an  open  square  is  the  value  obtained 
from  a  combined  use  of  optical  crack  length 
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measurements  and  crack  growth  rate  data.  All 
three  data  sets  are  In  reasonable  agreement  and 
give  an  average  depth  of  1.3  urn  +  0.1  nm  at  about 
30  ksl  when  the  crack  fully  opens.  The  Increase 
In  effective  crack  depth  at  about  10  ksl  applied 
stress  and  little  or  no  Increase  beyond  15  ksl  Is 
typical  of  crack  closure  behavior  In  this 
material. 

Extensive  measurements  are  planned  In  the 
future  for  the  fatigue  specimen.  The  objective  is 
to  determine  crack  length  and  depth  ultrasonlcally 
during  most  of  the  fatigue  life  of  the  specimen. 
Also,  any  changes  In  the  behavior  under  static 
tensile  stress  will  be  monitored.  The  behavior  of 
the  2024-T6  material  will  be  compared  with  that  In 
T1-15A  reported  on  earlier.2 
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ig.  9  Rayleigh  wave  signal  wave  amplitudes  for 
primary  fo*xard  scattered  pulse  (top) 
primary  backscattered  pulse  (middle)  and 
secondary  mode- converted  and  forward  scat¬ 
tered  pulse  (bottom). 
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applied  stress  (top),  obtained  In  part 
(open  circles)  from  ooserved  time  delay 
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of  secondary  signal  for  both  forward  and 
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SUMMARY  DISCUSSION 


Leonard  Bond,  Chairman  (University  College  London):  We  have  time  for  a  few  questions.  Who  would  like 
to  start  with  a  question? 

Richard  Barry  (Lockheed  Missiles  and  Space):  Would  you  tell  me  when  you  were  concerned  about  the  error 
In  some  of  your  measurements  from  one  of  the  earlier  slides,  where  you  measured  your  actual 
crack  depth,  did  you  measure  the  average  depth  or  maximum  depth? 

Bernle  Tlttmann  (Science  Center):  I  measured  the  actual  depth,  taking  Into  account  the  Achent.ch  flash 
point  concept  where  It  is  the  extremities  that  are  responsible  for  generating  the  sources  of 
the  signals. 

Unidentified  Speaker:  On  your  last  slide,  If  you  calculated  the  depth  of  the  crack  from  fracture 
mechanics,  what  would  the  shape  of  that  curve  look  like? 

Bernle  Tlttmann:  We  didn't  do  that.  That  would  be  an  Interesting  point.  You  see,  fracture  mechanics 
cannot  really  tell  us  how  well  the  crack  Is  closed.  What  fracture  mechanics  tells  us  Is  that 
after  so  many  cycles,  a  surface  crack  assumes  a  semi-circular  shape.  Then  from  an  observation 
of  the  crack  length,  we  can  Irrmedlately  Infer  what  the  crack  depth  should  be  If  the  crack  Is 
completely  open.  Fracture  mechanics  cannot  really  tell  us  how  much  the  crack  Is  closed  for  a 
given  applied  stress.  At  least  we  are  not  that  far  along. 

Would  you  agree  with  that,  Otto  (Otto  Buck,  Ames  Laboratory)?  Yes. 

Chris  Burger  (Ames  Laboratory):  Bernle,  In  your  growth  of  the  cracks  where  you  are  opening  and  closing 
them,  were  you  running  with  constant  amplitude  or  constant  displacement  growth  or  did  you  use 
something  like  a  large  overload  and  then  look  et  the  closure  phenomena? 

Bernle  Tlttmann:  The  measurements  with  large  overloads  constitute  the  next  phase  In  our  experimentation. 

All  the  measurements  discussed  here  were  done  with  a  constant  stress  Increment.  That's  a  very 
Interesting  question  and  we  hope  to  shed  light  on  It  soon. 

Kamel  Salama  (University  of  Houston):  Do  you  have  any  Idea  how  the  crack  closure  stress  changed 

from  tensile  to  compressive?  Is  that  because  the  residual  stress  Is,  for  Instance,  around 
the  crack  change  direction  or  change  In  size? 

Bernle  Tlttmann:  You  mean  In  the  experiments  on  T1-15A?  The  Idea  there  Is  that  as  the  crack  grows  deeper, 
the  plastic  zone  In  front  of  the  crack  enlarges  and  affects  the  mode  of  fracture  growth,  for 
example,  In  a  transition  from  Mode  I  to  Mode  II.  We  don't  fully  understand  that  yet,  but 
certainly  the  stress  present  In  the  plastic  zone  affects  crack  growth  dramatically  In  the 
titanium. 

Leonard  Bond,  Chairman:  One  last  question. 

Fred  Vaccaro  (The  Tlmkln  Company):  Bernle.  Would  you  explain  the  absence  of  the  secondary,  mode  con¬ 
verted  crack  tip  signal  at  low  applied  stresses  along  the  same  lines  as  the  lack  of  high 
frequency  In  the  signal? 

Bernle  Tlttmann:  That's  a  very  Interesting  point,  and  I  meant  to  elaborate  on  It  a  little  bit.  If  you 
remember,  I  showed  you  a  slide  of  that  satellite  echo  next  to  the  crack  mouth.  We  are  specu¬ 
lating  that  at  this  point  the  crack  Is  almost  closed.  And  this  process  of  mode  conversion  from 
a  surface  wave  to  a  shear  wave  has  been  modified  so  that  Instead  of  radiating  bulk  waves,  the 
crack  tip  reflects  the  Rayleigh  wave  very  efficiently.  But  as  soon  as  you  open  up  the  crack 
the  source  of  radiation  moves  down  to  the  actual  crack  tip,  which  radiates  bulk  wave  efficiently 
Into  the  material , 

Leonard  Bond,  Chairman:  I  think  we  better  draw  the  discussion  to  a  close.  I  would  like  to  thank  the 
speakers  for  the  first  session. 
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ABSTRACT 

The  change  in  complex  impedance  between  an  ideal  one-turn  circular  coil  located  above  and  parallel  to 
a  conducting  half-space  with  respect  to  a  similar  isolated  coil  has  been  calculated.  From  this  result  a 
series  expansion  of  the  integrand  allows  the  solution  to  be  approximated  by  terms  expressed  as  complete  el¬ 
liptic  integrals.  Results  have  been  calculated  for  the  change  in  impedance  as  a  function  of  the  lift-off 
distance  and  the  conductivity  of  the  half-space  for  a  coil  of  representative^ radius. 

INTRODUCTION 


The  eddy  current  method  of  nondestructive  eval¬ 
uation  entails  the  induction  of  eddy  currents  in  a 
conductive  test  object  by  a  time-varying  field  pro¬ 
duced  by  a  suitable  distribution  or  impressed  cur- 
ents  (via  an  excitation  or  primary  coil),  and  the 
detection  of  the  resultant  field,  usually  by  an 
inductive  search  coil  which  may  be  either  a  separate 
secondary  coil  or  the  primary  coil  itself.  (See 
Fig,  1.)  The  method  is  ordinarily  used  at  frequen¬ 
cies  sufficiently  low  to  neglect  effects  due  to  dis¬ 
placement  current;  hence  a  theoretical  analysis  en¬ 
tails  calculating  either  a  transfer  impedance  for  a 
primary  coil  and  secondary  coil  in  tne  oresence  of 
the  test  object,  or  the  calculation  of  the  self  impe¬ 
dance  of  a  primary  coil  in  the  presence  of  the  test 
object.  In  practice  one  often  needs  only  the  change 
in  impedance  produced  by  the  test  object  or  by  chan - 
es  in  the  nominal  properties  of  the  test  object 
e.g.  changes  in  its  geometry  or  position  with  res¬ 
pect  to  the  test  coil  or  coils,  or  distributed  or 
localized  changes  in  the  resistivity  of  the  test  ob¬ 
ject).  The  most  general  case,  allowing  arbitrary 
configurations  of  primary  and  secondary  coils  and 
arbitrary  test  objects  can  be  handled  only  by  numeri¬ 
cal  methods.  Certain  idealized  arrangements  can  be 
treated  analytically  either  exactly  or  in  useful 
approximation.  In  virtually  all  cases  of  practical 
interest,  the  analysis  eventually  reduces  to  the 
evaluation  of  certain  integrals  which  cannot  oe  ex¬ 
pressed  in  closed  form  in  terms  of  standard  transcen¬ 
dental  functions. 

In  this  paper  we  discuss  the  case  of  a  one-turn 
circular  coil  located  above  and  parallel  to  the  sur¬ 
face  of  a  homogeneous  conductive  half-space.  From 
the  standard  boundary  value  problem  approach  we  obtain 
the  general  expression  for  the  change  in  coil  imped¬ 
ance,  aZ,  produced  by  the  half  space;  AZ  is  given  in 
terms  of  an  integral  over  a  separation  parameter.  A 
series  expansion  cf  one  term  in  the  integrand  permits 
the  integral  to  be  expressed  as  a  series  of  terms  .--ch 
of  which  is  expressible  in  terms  of  complete  elliptic 
integrals.  The  leading  terms  of  this  series  approxi¬ 
mate  aZ  asymptotically  for  sufficiently  small  values 
of  skin  depth  of  the  halfspace. 

The  problem  addressed  here  has  previously  been 
treated  by  Cheng  C 1 1  who  evaluated  aZ  by  numerical 
methods  for  various  choices  of  the  relevant  paramet¬ 
ers.  Similarly,  Dodd  and  Deeds  [21  have  devised  a 
digital  computer  program  capable  of  handling  circular 
test  coils  in  the  presence  of  layered  planar  and 


coaxial  cylindrical  test  objects.  Such  brute  force 
numerical  procedures  are  valuable  for  desiqn  purposes, 
but  have  the  disadvantage  of  somewhat  concealing  the 
essentially  simple  manner  in  which  the  final  result 
depends  upon  the  parameters  of  the  problem.  The 
approach  taken  here,  while  less  universal  than  the 
purely  numerical  approach;  results  in  relatively 
simple,  thouoh  approximate  and  restricted,  formulas 
for  AZ  in  terms  of  the  basic  parameters  of  the  prob¬ 
lem. 


For  illustrative  and  comparative  purposes,  some 
selected  numerical  examples  are  also  given. 


Fig.  1  Geometrical  configuration  of  lc/  .  near  a 
conductor. 

THEORETICAL  ANALYSIS 

The  basic  geometry  of  the  problem  is  shown  in 
Fig.  1  and  consists  of  a  loop  radius  Tq  oronted  par¬ 
allel  to  and  at  a  distance  i  above  homoaencous  half¬ 
space  of  conductivity  a.  Beginning  with  the  basic 
eauation  for  the  vector  potential 
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I 


I 


p+  «(rn-r) 

v  A  +  l<  A  =  -y0I(t) - - -  «U-z)  (1) 


at  z  =  0  where  both  E4,  and  H  are  continuous,  yield¬ 
ing  two  more  expressions  for  the  constants  B,,C2,  Bp 
and  C3.  These  four  equations  can  then  be  solved  for 
the  constants  and  used  in  Equations  (4),  (5),  and 
(6)  to  evaluate  the  vector  potential. 


and  noting  the  symmetry  of  the  problem,  it  is  seen 
that  the  only  component  of  the  vector  potential  pre¬ 
sent  is  the  circumferential  component,  A*,  and 
that  A*  is  a  function  of  r  and  z  only.  Making  the 
usual  low-frequency,  quasi-static  approximation  that 
the  k2^  term  is  negligible  for  z>0,  we  have: 

3  2  A.  A 

— J-  -  -|  =  0  for  z>0  (2) 
az  r 


z<0: 


-  4  '  jwuoA,  =0  (3) 

r  * 

for  z<0 

Solving  by  the  separation  of  variables  technique 
and  using  the  limiting  behavior  at  z-«>  and  r+O  yield 
the  following  expressions  for  the  solution  to  Equa¬ 
tions  (2)  and  (3). 


Since  our  principal  interest  lies  in  evaluation 
the  vector  potential  at  the  location  of  the  loop  the 
most  direct  route  is  to  evaluate  the  constant  B1 : 


B,  =  — °iL(ar-°}  [e“*+e-“*(^— 1 


J1 


ai 

(l+-i) 

a 


(9) 


Thus 


A*l(r.z) 


OO) 


The  two  terms  in  the  square  brackets  represent  res¬ 
pectively  the  vector  potential  due  to  the  loop  it¬ 
self  and  that  due  to  the  currents  induced  in  the 
conducting  plane.  This  second  term  due  to  the  con¬ 
ductive  half-space,  will  produce  the  change  in  impe¬ 
dance  from  the  case  of  the  isolated  loop  to  the  case 
of  the  loop  near  the  plane.  This  change  in  vector 
potential  is  thus  given  by  this  second  term. 


A^-|(r,z)  =j  B1e"aZJ^(ar)da,z>s,>0 

A^(r.z)  =JQ  [C2e0,z+B2e"B2l01(or)d«, 
«.>z>0 

r  aiz 

A^3(r,z)  =  L  C3e  J-j  (ar )da  z<0 

2 

where  a  is  the  separation  constant  and 


(4) 

(5) 


(6) 

2.  . 

a  +Jwuo. 


4A, 


v IrQ 

(r,z)  =  -g—  JQ  J1(arQ)J1(ar)e 


-a(z+z),a~a1 


a+a-, 


(11) 


)da 


This  change  in  vector  potential  can  be  used  to 
calculate  the  change  in  impedance  due  to  the  presence 
of  the  conductor  by  integrating  the  tangential  elec¬ 
tric  field  around  the  position  of  the  loop: 


M  =  ™r2i  j0  jJ(ur0)e'2a*(^J-)da  (12) 


Since  t.ie  electric  field  is  proportional  to  A^, » 
the  boundary  conditions  for  the  tangential  electric 
field  can  be  satisfied  by  equating  the  values  of  A 
at  the  z  =  1  plane. 


fOD 

0 


B^e  a8,J-|  (ar)da  - 


Cge^^+B^e^^J^  (ar)da 


(7) 


Multiplying  both  sides  by  the  integral  operator 

0-|(a'r)rdr  and  using  the  Fourier-Bessel 

identity  [3]  give  an  algebraic  equation  for  the  un¬ 
known  coefficients.  The  radial  component  of  the  mag¬ 
netic  field  can  also  be  found  from  the  vector  poten- 
tial;  H  ^  Hr  is  discontinuous  at  the  posi- 

r  3z  4  ’ 

tion  of  the  loop  (r=r0,z=z)  by  an  amount  eg-al  to  the 
surface  current  density  there. 


The  integrand  factor  (a-a, )/(a+a, ) ,  essentially  a 
reflection  factor,  has  modulus  equal  to  or  less  than 
unity,  the  extreme  value  being  assumed  for  a=0  and 
a- «  .  The  integrand  factor  j2(ar0)  guarantees  that 

the  value  of  the  integral  is  negligibly  affected  by 
values  of  a  greater  than  about,  10/rn.  Practical 

u  -2 

values  of  rg  are  usually  of  the  order  of  10  m.  For 
such  values  of  rn  the  important  range  for  a  is 

■5  1  U  p 

0<a<10V  ,  while  the  quantity  ci'UQcr[=2/(sk1n  depth)  1 

is,  in  many  practical  cases,  of  the  order  of  10^  (e. 
g»,  for  aluminum  at  50  KHz,  wvnc  =  1.5x10').  For 

such  cases,  a  /wq0<.  0 . 1 ,  and  (a-o^Ma+a^)  may  be 
expanded  as  a  power  series  in  a//op^o: 


a-a 

a+a 


i  -  -1  *  2_ 

1  kj 


a 

K 


-1  +  (l-j)(a«) 


3Z  %1+  3z  Af2^=Jt  =  Pl  6(r-r0)  ^ 


which  yields  another  equation  for  the  coefficients. 
The  boundary  conditions  may  also  be  similarly  applied 


+  j (a{)2  +  . . .  (13) 

where  6  =  and  k  = 

We  expect  the  series  above  to  converge  rapidly 
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provided  ch5<<1  ,  As  we  shall  presently  show.  It  is 
convenient  to  adopt  rQ  as  a  characteristic  length. 
Since  the  value  of  aZ  is  determined  almost  entirely 
by  values  of  a  for  which  arg  £  10,  we  have  rapid 
convergence  of  the  integrated  series  if  5/ro«l/10. 
Separating  aZ  =  aR  +  jAX  into  real  and  imaginary  parts 
we  have: 


aX  =  -UgwiTrgi  J2(ar0)e  2aida  - 


j 

6J?(arn)e  2aiada) 

0  1  u 

(14) 

AR  =  V 

j 

10“1Tr0  }  6Ji(aro^e  ~ 

62J2(arf  )e'2aVda) 

0  1  0 

(15) 

These  changes  in  resistance  and  reactance 
presented  by  three  integrals: 

can  be  re- 

AX  =  - 

-irwu0r0(I.|  (8)  -  (^)Ig(B)) 

06) 

AR  =  ™u0r0((f  )I2(e)  -  (|-)2I3(B)) 

07) 

where  e  =  2s./ rQ  and 

1,(3) 

=  (  J?(x)e'6xdx 

Jo 

(18) 

i2(b) 

=  -  1,(6) 

09) 

i3(b) 

•  H2 

=  - Ii  (3) 

dp 

(20) 

p 

I, (b)  is  just  the  Laplace  transform  of  J, 

(x)  [41: 

1,(6) 

=  I  Ql/2(1+  I 

(21) 

where  is  the  Legendre  function  of  the  second 

kind  of  order  1/2. 

i2(e) 

is  therefore  given  by 

!?(b)  =  -  l  B  ) 

(22) 

where  the  prime  indicates  differentiation  with  re¬ 
spect  to  the  argument.  The  required  derivative  may 
be  found  from  the  recursion  relation  [5] 

(x2-1)qJ/2(x)  =  |  Q1/Z(x)  -  Kl/2(x 

)  (23) 

[2(x+1)11/2E[(^t)1/2]  (24) 

Q-1/2W  "  (FT)1/2Kt(FT)1/Z3  <25> 

where  K(k)  and  E(k)  are  respectively  the  complete 
elliptical  integrals  of  the  first  and  second  kind  of 
modulus  k: 


K(k)  =  r/2(l-k2sin2t)-1/2dt 

Jo 

(26) 

Elk)  - 

Jo 

(27) 

Values  of  K(k)  and  E(k)  may  be  obtained  from  standard 
tables  or  from  readily  available  computer  software. 

13(e)  may  likewise  be  reduced  to  an  expression 
involving  K(k)  and  E(k).g  However,  for  most  practical 
cases,  the  factor  (<5/r0r  by  which  I3(e)  is  multiplied 

is  so  small  that  the  contribution  to  AR  from  the  term 
proportional  to  I 3(e)  is  negligible. 

RESULTS 


To  illustrate  the  changes  in  impedance  as  a 
function  of  the  lift-off  distance  z  and  the  conducti¬ 
vity  0,  calculations  were  made  for  a  loop  of  radius 
rg  =  1.27  cm  (diameter  of  one  inch)  at  distances  z 
from  .05  to  1.5  cm,  and  for  conductivities  from  0.1 
to  4  times  that  of  aluminum  (og  =  3.8x10'  mho/m). 
These  results  are  shown  in  Figs.  2  and  3  as  a  func¬ 
tion  of  Z  for  various  constant  conductivities.  The 
normalized  dimensionless  changes  in  impedance  AX/wur0 
and  AR/umrg  are  chosen  as  the  quantities  to  be  plot¬ 
ted.  For  all  values  of  conductivity  the  value  of 
AX/uuro  is  seen  to  approach  a  large  nenative  value 
as  z  decreases  showing  the  known  decrease  in  total 
inductance  as  the  loop  approaches  the  plane.  As  z 
becomes  large  AX/'jyro  approaches  zero  as  required. 
Similarly  in  Fig.  2  AR/ugrg  is  seen  to  give  a  large 
positive  contribution  for  small  l  and  approaches 
zero  as  z  becomes  large. 

To  illustrate  the  effects  of  the  conductivity 
on  the  changes  in  impedance  for  several  constant 
values  of  lift-off,  the  results  for  the  same  loop  are 
shown  in  Figs.  4  and  5.  The  change  in  reactance 
AX/iDgrg  is  seen  to  be  very  nearly  independent  of 
conductivity  over  the  range  considered.  The  value 
of  AR/wurg,  however,  is  seen  to  increase  for  lower 
values  of  o.  This  resistance  term,  of  course,  ap¬ 
proaches  zero  as  the  conductivity  approaches  that  of 
a  perfect  conductor. 

Both  the  variations  in  resistance  and  reactance 
can  be  combined  into  the  one  graph  shown  in  Fig.  6 
by  plotting  AX  versus  AR.  The  solid  lines  thus  show 
the  change  in  impedance  as  the  lift-off  is  changed, 
while  the  dashed  lines  show  the  variation  with  chang¬ 
ing  conductivity  for  constant  lift  off  z. 


For  convenience  in  evaluation,  both  and 
Q  may  be  expressed  in  terms  of  complete  elliptic 
integrals  [5]: 

q1/2(x)  =  x(FT)1/2|<[(^It)1/2:1  • 


The  limiting  values  of  AX/wyrg  for  large  values 
of  0  can  be  checked  by  comparing  the  calculated  val¬ 
ues  with  that  of  the  case  of  a  loop  above  a  perfectly 
conducting  plane.  Using  imaae  theory  the  mutual 
inductance  between  two  identical  loops  located  a  dis¬ 
tance  2 z  apart  can  be  found  to  be  M  =  2.54  Nrg  [6] 
where  N  is  a  tabulated  funct  on  of  r^  and  z.  The 
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off  and  conductivity. 
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Fig,  6  Change  in  reactance  versus  change  in 
resistance. 

CONCLUSIONS 

For  the  cotrmonly  occurring  case  where  5«0.  lr0> 
the  change  in  coil  inductance  is  essentially  the 
value  that  would  occur  if  the  substrate  were  perfect¬ 
ly  conductive;  AL  is  thus  dominated  by  its  dependence 
on  lift-off.  The  change  in  resistance  Is,  for  con¬ 
stant  lift-off,  proportional  in  first  order  to  skin 
depth  (or,  for  constant  frequency,  proportional  to 
the  square  root  of  substrate  conductivity);  however, 

A  R  is  also  strongly  dependent  upon  lift-off.  Sec¬ 
ond-order  changes  in  AL  and  uR,  due  to  small  varia¬ 
tions  in  i  and  o  about  nominal  values,  are  well 
approximated  by  linear  functions  of  At  and  Ao-, 
hence  variations  in  AL  a.id  AR  may  readily  be  inter¬ 
preted  in  terms  of  corresponding  variations  in  lift- 
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SUMMARY  DISCUSSION 


Jim  Martin,  Chairman  (Rockwell  Science  Center):  Thank  you.  That  was  an  excellent  presentation.  We 
have  time,  I  think,  for  one  question.  Please  remember  to  Identify  yourself. 

Mr.  Lincoln  (USC):  Did  you  comoare  your  theory  with  the  case  of  a  single  straight  wire  over  a 

conducting  plane  by  letting  the  radius  of  your  loop  become  large  and  calculating  the  Induction 
for  the  loop? 

Stuart  Long  (University  of  Houston):  No,  I  did  not. 


Mr.  Lincoln:  That  should  also  work. 

Stuart  Long:  Would  you  still  have  to  assume  a  perfect  conductor? 

Mr.  Lincoln:  No,  that  has  already  been  done. 

Stuart  Long:  Okay,  that  would  be  a  good  test,  then. 

Jim  Martin,  Chairman:  We  will  defer  the  remainder  of  the  presentations  until  after  the  break. 
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ABSTRACT 

The  eddy  current  NDE  inversion  problem  is  to  determine  the  parameters  of  a  flaw  from  the  measured 
eddy  current  sensor  impedance  changes .  Mathematically,  this  requires  finding  the  transformation  which 
gives  the  sensor  impedance  changes  in  terms  of  the  flaw  parameters,  and  then  inverting  this  transformation, 
Finding  the  transformation  is  called  the  forward  problem,  rnd  finding  the  inverse  of  the  transformation 
is  equivalent  to  the  inversion  problem.  The  principal  difficulty  in  solving  the  forward  problem  is  find¬ 
ing  solutions  to  Maxwell's  equations  in  the  complex  geometries  involved.  This  paper  describes  a  solution 
to  the  forward  problem  which  is  valid  for  ellipsoidal  shaped  void  flaws  in  a  non-r.iagnetic  conductor, 
and  for  flaw  dimensions  such  that  the  incident  field  variations  are  at  most  linear  over  the  region 
occupied  by  the  flaw. 


INTRODUCTION 

The  eddy  current  NDE  inversion  problem  is  to 
determine  the  parameters  of  a  Claw  from  the 
measured  eddy  current  sensor  impedance  changes . 
Mathematically,  this  requires  finding  the  trans¬ 
formation  which  gives  the  sensor  impedance  changes 
in  terms  of  the  flaw  parameters ,  and  then  inverting 
this  transformation.  Finding  the  transformation 
is  called  the  forward  problem,  and  finding  the 
inverse  is  equivalent  to  the  inversion  problem. 

The  principal  difficulty  in  solving  the 
forward  problem  is  finding  the  solution  to 
Maxwell's  equations  in  the  complex  geometries 
involved.  The  first  significant  contribution  to 
this  problem  was  the  work  of  Burrows  [1] ,  who  used 
the  reciprocity  theorem  and  a  scattering  theory 
to  derive  the  general  form  of  the  transformation 
between  the  sensor  voltage  change  and  the  incident 
and  scattered  fields  associated  with  the  flaw.  In 
order  to  get  around  the  difficulties  associated 
with  solving  Maxwell's  equations,  Burrows  assumed 
the  flaw  to  be  small  compared  to  the  spatial 
variations  of  the  incident  field.  This  is  usually 
not  the  case ,  and  it  eliminates  important  phase 
information.  The  next  major  advance  was  made  by 
Dodd  et  al  [2] ,  who  recognized  that  the  field 
incident  upon  the  flaw  could  be  computed  by 
numerical  integration  techniques,  and  then  Burrows' 
result  could  be  used  to  calculate  the  change  in 
sensor  impedance.  However,  the  restriction  to 
flaws  which  are  small  compared  to  the  incident 
field  variation  remained. 

In  a  previous  paper  [3]  the  authors  made  two 
advances  upon  these  ideas.  First,  the  incident 
field  was  computed  by  the  finite  element  method 
(FEM) ,  which  is  very  accurate  and  can  be  applied 
generally.  (In  fact,  the  FEM  is  good  enough  tc 
solve  the  forward  problem  numerically,  although 
this  is  expensive  since  the  computation  must  be 
made  for  each  value  of  the  flaw  parameter,  and 
it  does  not  yield  the  "understanding"  of  a  formula) 
Second,  Burrows’ scattering  theory  was  extended  to 
the  case  of  a  flaw  which  is  small  enough  that  the 
incident  field  varies  at  most  linearly  over  the 


flaw  dimensions.  However,  both  the  FEM  and  the 
scattering  theory  were  developed  only  for  two 
dimensional  problems. 

In  this  paper,  the  scattering  theory  is 
extended  to  three  dimensions  for  the  case  of  an 
ellipsoidal  shaped  void  flaw  in  a  non-magnetic 
conductor,  with  flaw  dimensions  such  that  the 
incident  field  variations  are  at  most  linear  over 
the  flaw  dimensions. 


THREE  COMPONENT  SCATTERING  THEORY 


In  the  scattering  theory  approach  to  the 
solution  of  the  forward  problem,  the  change  in 
sensor  impedance  is  found  from  the  incident  and 
scattered  fields  of  the  flaw  by  using  the  reci¬ 
procity  theorem,  as  explained  by  Auld  [4] .  For 
a  void  flaw  in  a  linear  homogeneous,  isotropic, 
conducting  medium  with  free  space  permittivity 
and  permeability,  the  change  AZ  in  sensor  impe¬ 
dance  is  given  by 

AZ  =  -  /  o(e.e’)  dv  (1) 


whsre :  c  ■=>  conductivity  of  the  medium 

1^  =■  the  current  at  the  sensor  terminals 
the  electric  field  without  the  flaw 
E  =  the  electric  field  with  the  flaw 
dv  -  a  differential  volume  element 
V  .  «  the  volume  of  the  flaw 

Therefore,  to  compute  the  sensor  impedance  change, 
it  is  necessary  to  compute  the  electric  fields 
within  the  boundaries  of  the  flaw  both  when  the 
flaw  is  present  and  when  it  is  not. 

Tile  strategy  for  computing  these  electric 
fields  is  to  approximate  the  incident  field  in  the 
vicinity  of  the  flaw  by  its  constant  plus  linearly 
varying  components.  The  respective  scattered 


fields  are  then  approximated  for  an  ellipsoidal  flaw 
by  the  dipole  and  quadripole  field  solutions  to  the 
static  form  of  Maxwell's  equations.  For  each 
component  of  the  incident  field,  there  will  be  a 
scattered  field  solution  internal  to  the  flaw  and 
one  external  to  the  flaw. 

The  strengths  of  these  scattered  fields  are 
found  by  matching  the  boundary  conditions  for  the 
incident,  exterior  scattered,  and  interior  scat¬ 
tered  fields  at  the  boundary  of  the  ellipsoidal 
flaw.  For  a  void  flaw,  the  boundary  conditions 
are: 

1)  the  current  normal  to  the  flaw  boundary  is 
zero  i.e.  the  electric  field  outside  the 
flaw  and  normal  to  the  boundary  is  zero 

2)  the  electric  field  tangential  to  the  flaw 
boundary  is  continuous  across  the  boundary 

Note  that  condition  1)  does  not  require  the  elec¬ 
tric  field  inside  the  flaw  and  normal  to  the  bound¬ 
ary  to  be  zero.  This  field  can  terminate  on 
charges  on  the  surface  of  the  flaw. 


The  field  described  by  (21  and  (3)  must  have 
zero  divergence  since  it  is  induced  by  an  electric 
curreht  in  a  conductor.  For  this  to  be  true,  the 
trace  of  the  matrix  of  coefficients  A  .  must  be 
zero.  In  many  cases  of  practical  interest  this 
condition  is  satisfied  because  the  diagonal  terms 
are  individually  zero. 

The  curl  of  the  field  described  by  (2)  and 
(3)  will  be  zero  if  and  only  if  the  matrix  of 
coefficients  A  is  symmetric.  In  general,  this 
will  not  be  true.  Tfrus  the  incident  field  cannot 
be  uniquely  described  as  the  gradient  of  a  scalar 
potential.  Because  of  this,  the  scattering 
problem  is  solved  here  directly  in  terms  of  the 
electric  fields  rather  than  potentials. 

The  Scattered  Fields 

The  scattered  fields  are  most  conveniently 
described  in  an  ellipsoidal  coordinate  system. 

The  particular  form  described  by  Stratton  [5]  is 
used  here.  In  this  system,  the  coordinates  i,r\, 
and  £  are  defined  by  their  transformation  to 
cartesian  coordinates 


For  the  constant  and  linearly  varying  compo¬ 
nents  of  the  incident  field,  condition  1)  will 
be  met  respectively  by  the  normal  component  of  the 
external  dipole  and  quadrupole  scattered  fields. 
Condition  2)  is  met  by  continuing  the  incident 
fields  into  the  flaw  to  match  the  tangential 
components  of  the  incident  fields,  and  by  adding 
internal  dipole  and  quadrupole  scattered  fields  to 
match  the  tangential  components  of  the  respective 
external  scattered  fields. 


x  «=  + 


y  =  + 

z  «  + 


(C  +  a2) (n  +  a2) U  +  a2) 

,.2  2,  ,  2  2. 

(b  -  a  He  -  a  ) 

g  +  h2) (n  +  b2) (t  +  b2) 

2  2~  2  2  ' 

(c  -  )  (a^  -  b“) 

a  +  C2) <n  +  c2) (C  +  C2) 

,  2  2.  ..2  2. 

(a  -  c  )  (b  -  c  ) 


(4) 


The  Incident  Field 

The  incident  field  is  conveniently  described 
in  a  cartesian  coordinate  system  with  origin  at 
the  center  of  the  ellipsoidal  flaw.  The  coordi¬ 
nates  x,  y,  z  are  aligned  with  the  principal  axes 
of  the  ellipsoid.  The  general  expression  for  the 
incident  electric  field  induced  by  the  eddy 
current  is 


2  2  2 

where  -a  <1;  <  -b  <  n  <  -  c  <E.  The  surface 
5  >=  constant  is  an  ellipsoid  with  principal  axes 
of  length  a,  b,  c  aligned  along  the  X,  y,  z  axes 
respectively.  The  surface  n  “  constant  is  a 
hyperboloid  of  one  sheet ,  and  the  surface  c  - 
constant  a  hyperboloid  of  two  sheets.  Since 
Maxwell's  equations  are  linear  in  this  application, 
the  scattered  fields  can  be  determined  separately 
for  each  of  the  12  components  of  (3) ,  and  the 
results  added  to  give  the  total  scattered  field. 


=  i  E  + 
x  x 


L  E 

y  y 


i  E 


(2) 


where  i  is  a  unit  vector  in  the  x-direction,  and 
similarfy  for  i  ,  i  .  Expanding  each  of  the  field 
components  in  a*Tayfor  series  about  the  origin 
gives,  to  first  order 


Ex  “  E1  +  A11X  +  *12y  +  A13Z 


Ey  "  E2  +  A21X  +  *22*  +  A23Z 


(3) 


Ez  "  E3  +  A31X  +  A32*  +  A33* 


This  approximation  expresses  the  incident  field  as 
the  sum  of  a  constant  plus  a  linearly  varying 
field. 


The  internal  and  external  scattered  fields 
are  approximated  by  solutions  to  the  static  form 
of  Maxwell's  equations.  These  solutions  can  be 
derived  from  potentials  which  are  known  solutions 
to  Laplace ' s  equations .  In  ellipsoidal  coordinates* 
the  solutions  to  Laplace ' s  equation  are  the  Lame 
functions  [6] . 

For  the  components  of  the  constant  incident 
field,  the  potentials  of  the  induced  internal 
scattered  fields  are  products  of  the  Lame  func¬ 
tions  of  the  1st  kind  of  degree  1 .  These  are 


F  U)  «  Vx  +  a2 

F  (A)  =  +  b2 

t> 

F  (X)  =  +  c2 

G 


(5) 


For  example,  for  the  i  E  component  of  the 
constant  incident  field,  the  potential  of  the 
internal  scattered  field  is  of  the  form 


1> 


xi 


xi 


F 

a 


(£)  F  <n)  F  (c) 

Ci  a  • 


(6) 


The  field  derived  from  this  potential  is  called 
an  "internal  dipole"  field  in  this  paper.  The 
field  is  actually  constant. 

The  potentials  of  tl.e  corresponding  external 
scattered  fields  are  products  of  the  Lame  func¬ 
tions  of  the  1st  and  2nd  kind  of  degreu  1.  The 
Lame  functions  of  the  2,’d  kind  of  degree  1  are 
the  of  the  form 


Ga  (A) 


HU)  Fa 
a.  a 


(A) 


where  H  (A)  =  /  - - - 

A  R(s)  F2(s) 


(7) 

(8) 


and  R(s)  =  /(s  +  a2)  (s  =  b2)  (s  +  c2)  (9) 

with  similar  expressions  for  G  (\)  and  G  (A).  As 
an  example,  the  potential  o£  the  externaS  scat¬ 
tered  field  induced  by  the  i^E^  component 


ii>  =  K  G  (£) 
rxe  xe  a  4 


F2(n) 


Fz(?) 


(10) 


the  amplitudes  of  the  induced  internal  fields  can 
be  found.  It  is  these  internal  fields  which  are 
needed  for  the  E'  term  in  (1) ,  along  with  the 
internal  fields  induced  by  the  components  of  the 
linearly  varying  part  of  the  incident  field. 

The  total  internal  fields  induced  by  the 
constant  field  components  are  given  in  Table  1, 
along  with  their  special  forms  for  th-*  case  of  a 
sphere  (a-b-c)  and  a  disc  (a=b,  c=*o)  flaw.  Note 
that  the  total  internal  field  for  each  component 
is  the  sum  of  two  fields,  a  constant  field  equal 
to  the  incident  field,  plus  an  internal  dipole 
field  (which  is  also  a  constant  field) . 

For  the  components  of  the  linearly  varying 
incident  field,  the  potentials  of  the  induced 
internal  scattered  fields  are  products  of  the 
Lame  functions  of  the  first  kind  of  degree  2.  Only 
components  of  the  linearly  varying  incident  field 
corresponding  to  the  off-diagonal  terms  in  (3) 
will  be  considered  here ,  since  the  diagonal  terms 
are  usually  zero  in  practical  problems  of  interest. 

For  this  case,  the  corresponding  Lame  func¬ 
tions  of  the  first  kind  of  degree  2  are 

F  .  (A)  =  /(A  +  a2)  (A  +  b2) 

ciD 

Fbc(A)  =  *^A  +  fe2)  tA  +  °2)  (U> 

Pca(A)  =  ^(A  +  c2>  (A  +  “2)  * 


For  example,  for  the  i  A.-y  component  of  the 

The  field  derived  from  this  potential  is  a  true  incident  field,  the  potential  of  the  internal 

dipole  field,  and  is  called  an  "external  dipole"  scattered  field  is  of  the  form 

field  in  this  paper. 


The  total  electric  field  solution  for  a  field 
component  i^E  incident  upon  ar  ellipsoidai  void 
is  found  by  matching  the  boundary  conditions  1) 
and  2)  above  at  the  surface  of  the  flaw. 

The  procedure  is  as  follows.  The  amplitude 
of  the  external  dipole  field  is  determined  by 
setting  its  £  component  equal  and  opposite  to 
the  £  component  of  the  constant  incident  field 
component  at  the  flaw  boundary,  £  =  0.  This 
satisfies  condition  1),  i.e.  the  current  normal 
to  the  flaw  boundary  is  zero.  Next,  the  constant 
incident  field  is  continued  into  the  flaw  interior 
to  satisfy  condition  2)  for  the  constant  incident 
field,  i.e.  the  tangential  electric  field  is 
continuous  across  the  boundary.  Finally,  the 
Tj  and  £  components  of  Lhe  internal  dipole  field 
are  made  equal  in  amplitude  to  the  n  and  £ 
coi  ponents  oc  the  external  dipole  field  at  the 
flaw  boundary,  £  =  0.  This  satisfies  condition 
2)  for  the  external  dipo] e .  The  £  components  of 
the  internal  fields  are  terminated  by  charges  on 
the  conducting  surface  of  the  flaw.  By  applying 
this  procedure  for  each  of  tne  3  cartesian  compo¬ 
nents  of  the  constant  part  of  the  incident  field. 


*xyi  =  Kxyi  Fab(t>  Fab<">  Fab^> 


(12) 


Analogous  to  the  case  of  the  dipole  scattered 
field  above,  it  is  convenient  to  call  the  field 
derived  from  this  potential  an  "internal  quad¬ 
ruple"  field. 

The  potentials  of  the  corresponding  "external 
quadrupole"  scattered  fields  are  products  of  the 
Lame  functions  of  the  2nd  kind  of  degree  1  and 
degree  2.  The  Lame  functions  of  the  2nd  kind  of 
degree  2  are  of  the  form 


Gab(A)  "  Hab(A)  Fab(A) 


where  H  U)  «  j 


ds 


A  R(s)  Fab(S) 


(13) 

(14) 


with  similar  expressions  for  G.  (A)  and  G  (A). 
As  on  example,  the  potential  of  the  external 
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quadrupole  scattered  field  induced  by  the  i  A.^  y 
component  of  the  incident  field  is  x 


xyc 


K  G  , 
xye  ab 


<*>  Fab(ll)  Fab^> 


(15) 


The  total  electric  field  solution  for  a 
field  component  i  A-2y  incident  upon  an  ellip¬ 
soidal  void  is  found  by  matching  the  boundary 
conditions  in  a  manner  similar  to  the  procedure 
described  above  for  the  constant  incident  fields 
and  dipole  scattered  fields. 

The  total  internal  fields  induced  by  the 
linearly  varying  field  components  are  given  in 
Table  2,  along  with  their  special  forms  for  the 
case  of  a  sphere  and  a  disc  flaw.  Analogous  to 
the  results  shown  in  Table  1,  note  that  the  total 
internal  field  for  each  component  is  the  sum'  of 
two  components,  a  linearly  varying  field  equal 
to  this  incident  field,  plus  an  internal  quad¬ 
rupole  field  (which  is  the  sum  of  two  linearly 
varying  fields) . 

EXAMPLES 


Spherical  Flaw 

Consider  the  case  of  a  spherical  void  flaw 
of  radius  a  in  the  volume  of  a  conducting  material 
with  conductivity  o.  Assume  the  incident  field 
is  only  in  the  x-direction,  and  that  it  can  be 
represented  in  the  region  of  the  flaw  by  the 
approximation 


A12y> 


(16) 


where  and  A^2  are  complex  constants. 

The  field  internal  to  the  flaw  is  the  sum  of 
the  responses  to  the  constant  and  linearly 
varying  fields  respectively,  as  given  in  Tables 
1  and  2 . 


E'  =  i  i  E,  + 
x  2  1 


I  A12Y 


+  i  i  A, -x 
y  3  12 


(17) 


substituting  the  fields  E  and  E'  into  (1)  and 
integrating  over  the  volume  of  the  flaw  gives 


AZ 


— 2  (2ita3E12 


16 

45 


52  i 
™  A12  . 


(18) 


Assume  first  that  the  incident  field  is  given 
by  (16)  above.  Then  the  field  internal  to  the  flaw 
is  the  sum  of  the  responses  to  the  constant  and 
linearly  varying  fields  respectively,  as  given  in 
Tables  1  and  2. 


VE1  +  A12y) 


(19) 


as  c  0,  the  volume  of  the  flaw  goes  to  zero, 
and  the  integral  in  (1)  goes  to  zero.  Therefore, 


AZ  =  0 


(20) 


which  say s  that  a  crack  cannot  be  detected  by  a 
field  which  sees  only  its  edge . 

Assume  now  that  the  incident  field  is  given  by 


E  »  i  (E-  +  A,.x) 
z  3  31 


(21) 


For  this  case,  the  field  internal  to  the  flaw  is 
found  from  Tables  1  and  2  to  be 


*z  n  C  E3  +  (3n  o  A3l’  (lzX  +  •  <22) 


The  corresponding  impedance  change  is  found  from 
(1)  to  be 


AZ^2(§aV  +  §aV) 


(23) 


Note  that  AZ  is  independent  of  the  thickness  c  of 
the  flaw  when  c  — >  0. 
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Disc  Shaped  Flaw 

Consider  the  case  of  a  disc  shaped  flaw, 
which  is  an  ellipsoid  with  a  =  b  and  c  — >-0,  in 
the  volume  of  a  conducting  material  of  conducti¬ 
vity  o.  The  principal  axes  a,  b,  c  are  aligned 
with  the  coordinates  x,  y,  z  respectively. 
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ABSTRACT 


Eddy  current  technique  has  played  an  Important  role  In  the  understanding  of  the  corrosion  behavior 
of  steam  generator  components.  Until  recently,  Its  role  has  been  primarily  in  the  evaluation  of  the 
condition  of  the  heat  exchanger  tubes.  Recent  developments  have  led  to  the  use  of  this  technique  for 
detecting  corrosion  of  the  carbon  steel  plates  supporting  the  tubes.  The  detection  and  quantification 
of  possible  accumulation  of  corrosion  products  such  as  magnetite  In  the  crevices  between  tubes  and 
supports  may  often  be  a  desired  objective  of  such  Inspections  since  the  presence  of  such  deposits  Is  of 
Interest  with  respect  to  tube  denting  and  other  corrosion  phenomena.  This  paper  discusses  the  diffi¬ 
culty  of  an  unambiguous  determination  of  the  presence  of  magnetite  In  the  tube  support  crevices  and 
points  to  the  difficulty  of  obtaining  a  quantitative  estimate  for  the  amount  of  magnetite  which  may  be 
present.  This  paper  further  discusses  the  development  of  new  probes  which  provide  Improved  d1s<  1m- 
Inatlon  between  magnetite  and  a  steel  support  thus  providing  for  a  better  estimate  of  the  amount  of 
magnetite  In  tube  support  crevices. 

INTRODUCTION 


Eddy  current  technique  has  been  extensively 
used  for  the  Inservice  Inspection  of  nuclear 
steam  generators.  The  Inspections  have  usually 
Involved  the  evaluation  of  the  heat  exchanger 
tubes.  Recent  developments  regarding  the  tube 
denting  phenomena  In  steam  generators  have  led  to 
an  increased  Interest  in  the  evaluation  of  the 
carbon  steel  support  plates  and  the  crevices  be¬ 
tween  tubes  and  the  supports.  Although  the  de¬ 
tection  of  corrosion  of  the  support  plate  could 
be  accomplished  at  some  stage  by  an  evaluation 
of  the  distortions  of  the  support  plate  signals, 
a  quantitative  estimate  of  the  corrosion  of  the 
I.D.  of  the  supports  using  the  standard  eddy 
current  Inspection  data  has  not  been  possible. 

The  multi -frequency  technique  and  the  use  of  lin¬ 
ear  combinations  of  the  multi -frequency  data 
have  reduced  the  ambiguities  ir  the  data  Inter¬ 
pretation  and  have  Improved  our  ability  to  quan¬ 
tify  the  depth  of  tube  wall  discontinuities  In 
the  presence  of  Interfering  signals  from  such 
sources  as  support  plates,  metallic  and  magnetic 
deposits  on  the  0.0.  of  the  tubes,  etc.  However, 
this  technique  has  not  been  useful  for  quantify¬ 
ing  the  corrosion  of  the  steel  supports.  An 
estimate  of  the  I.D.  of  the  support  plate  holes 
could  be  accomplished  from  the  standard  eddy 
current  data  If  one  could  assume  that  there  are 
no  magnetic  or  electrically  conducting  deposits 
In  the  crevices.  Such  an  assumption  is  generally 
not  valid,  however,  due  to  the  presence  of  mag¬ 
netite  (one  of  the  products  of  steel  plate  corr¬ 
osion)  In  the  crevices.  The  varlflcation  of  Its 
presence  can  be  accomplished  by  a  careful  examin¬ 
ation  of  standard  eddy  current  inspection  data 
but  the  quantification  of  the  amount  of  magnetite 
deposits  has  not  been  possible  from  this  data. 

The  detection  of  magnetic  oxides  such  as 
magnetite  In  the  absence  of  other  Interfering 
signals  such  as  signals  from  carbon  steel  is 
quite  straight  forward  and  has  been  routinely 
carried  out  for  years  in  terms  of  sludge  height 
determination  using  the  standard  eddy 


current  data  since  the  sludge  Is  known  to  con¬ 
tain  magnetic  materials.  The  difficulty  of  a 
quantitative  evaluation  of  magnetite  build  up 
In  the  crevices  of  tube  support  plates  arises  be¬ 
cause  of  the  interference  from  the  steel  support 
signals  which  themselves  may  change  upon  corr¬ 
osion  of  these  steel  supports.  In  order  to 
accomplish  a  quantitative  evaluation  of  magnetite 
build  up  and  of  the  I.D.  of  the  tube  support, 
we  need  sensors  which  have  higher  sensitivity 
for  magnetite  than  for  carbon  steel  (or  vice 
versa). 

The  conventional  probes  used  for  steam  gen¬ 
erator  Inspection  consist  of  two  circumferential 
colls  within  approximately  0.060  Inches  (1.6  mm)of 
each  other  (Fig.  1).  The  Inspection  Is  performed 


COILS 


Fig.  1  The  conventional  eddy  current  probe 
used  for  Steam  Generator  Inspection 
consisting  of  two  circumferentially 
wound  colls  within  0.060  Inches 
(1 .5  mm)  of  each  other. 


from  the  I.D.  side  of  the  tubes.  The  test  fre¬ 
quencies  used  range  from  about  3  kHz  to  500  kHz 
depending  on  the  objective  of  the  test  and  the 
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thickness  of  heat  exchanger  tube  wall.  For  the 
evaluation  of  the  tube  support  plates  and  the 
crevices,  the  test  Is  performed  In  the  low  fre¬ 
quency  range  (below  10  kHz)  In  order  to  minimize 
the  Interference  from  the  signals  representing 
discontinuities  In  the  tube  wall.  The  probes 
can  be  used  in  differential  or  In  absolute  mode. 

This  paper  discusses  the  relative  sensitiv¬ 
ities  of  the  conventional  probe  (used  in  normal 
steam  generator  inspections)  for  the  magnetite 
and  for  the  steel  supports  surrounding  the  In¬ 
conel  -600  tubes.  It  is  shown  that  this  probe 
Is  quite  sensitive  to  both  magnettte  and  the 
carbon  steel  support  plate. This  results  in  com¬ 
plicated  signals  when  the  two  are  present  simul¬ 
taneously  and  makes  the  job  of  obtaining  a  re¬ 
liable  estimate  of  the  I.D.  of  the  steel  support 
or  the  thickness  of  the  magnetite  in  the  crevice 
well  near  impossible.  It  is  further  shown  that 
the  new  probes  described  in  this  paper  have  pre¬ 
ferential  sensitivity  for  one  (e.g.  magnetite) 
relative  to  the  other  (e.g.  steel  support)  for 
our  sample  geometry.  The  work  reported  here  Is 
directed  towards  designing  probes  which  have 
large  differences  in  the  sensitivities  for  the 
two  components  (magnetite  and  steal  supports) 
and  have  90°  phase  discrimination  between  the 
signals  from  the  two  at  low  enough  operating 
frequencies  such  that  the  signals  from  the  tube 
wall  discontinuities  would  not  Interfere  with  the 
evaluation  of  the  steel  support  and  of  the  mag¬ 
netite  In  the  crevice. 

EXPERIMENTAL 


The  geometry  of  the  test  specimens  used  in 
this  work  is  shown  In  Fig.  2.  The  tube  alloy 
was  Inconel-600.  The  O.D.  of  the  tube  was 
0.875  inches  (22.2  mm)  and  the  nominal  thickness 
of  the  tube  wall  was  0.050  Inches  (1.27  ran).  The 
carbon  steel  support  plate  sample  was  0.75  inches 
(19  nm)  thick  and  the  hole  diameter  was  1.00  Inch 
(25.4  mm).  The  magnetite  cylinder  used  was 


0.75" 

(19mm) 


INCONFL  1IIRI 
0.0. =0.875" 
(22 . 2mm) 

-MAGNETITE 


STEEL 
'  SUPPORT 


Fig.  2  The  crevices  between  the  Inconel -600 
tubes  and  the  carbon  steel  support 
plates  may  contain  corrosion  products 
such  as  magnetite. 


0.050  Inches  (1.27  mm)  thick  a  d  0.75  Inches 
(19  mm)  long.  The  density  of  magnetite  was  about 
9371  of  the  theoretical  density.  An  organic  binder 
was  mixed  In  magnetite  powder  to  fabricate  the 
magnetite  samples. 

The  eddy  current  instrument  used  was  Model 
EM3300  (Automation  Industries,  Inc.).  The  con¬ 
ventional  probe  used  here  was  similar  to  the  ones 
used  for  standard  inspections  of  steam  generators 
(Fi9.  1). 


RESULTS 

Figure  3a  shows  the  eddy  current  signals 
using  the  conventional  probe  of  Fig.  1  In  the 
absolute  mode  at  different  test  frequencies  from 
(1)  magnetite  cylinder,  (2)  steel  support  sample 
and  (3)  steel  support  with  magnetite  cylinder  In 
the  crevice  surrounding  the  Inconel-600  tube.  The 
data  shows  that  the  sensitivity  of  this  probe  for 
steel  support  relative  to  Its  sensitivity  for  mag¬ 
netite  increases  slightly  with  the  test  frequency. 
However,  the  probe  sensitivities  for  our  magnetite 
sample  and  the  steel  support  sample  remain  about 
the  same  (within  30S)  In  the  frequency  range  of 
our  work.  Because  of  this  somewhat  similar  sen¬ 
sitivity  for  the  two,  the  signals  marked  (3)  ob¬ 
tained  when  the  magnetite  cylinder  Is  present  in 
the  tube  support  crevice  are  quite  complicated 
and  do  not  lend  themselves  to  any  quantitative 
evaluation  of  either  the  steel  support  or  the  mag¬ 
netite  thickness.  The  addition  of  magnetite  In 
the  crevice  results  In  a  counter-clockwise  rota¬ 
tion  of  the  steel  support  signal  In  addition  to 
the  change  in  its  shape.  This  Is  most  obvious  In 
the  low  frequency  data.  The  counterclockwise  ro¬ 
tation  of  the  signal  signifies  the  presence  of 
high  magnetic  permeability  material  in  the  crevice. 
It  may  be  noted  that  at  7  kHz  test  frequency, 
there  is  90°  phase  angle  separation  between  the 
steel  support  signal  and  the  magnetite  signal. 


Fig.  3a  The  eddy  current  signals  using  the 
conventional  probe  In  the  absolute 
mode  showing  similar  sensitivities 
for  magnetite  and  steel  support 
samples  surrounding  Inconel-600  tube. 
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Figure  3b  shows  the  data  when  the  conven¬ 
tional  probe  Is  used  In  the  differential  mode. 
Here  again,  the  data  shows  that  the  probe  has 
about  the  same  sensitivity  for  our  magnetite  as 
for  the  steel  support  sample  surrounding  the 
Inconel  tube.  The  meaning,  of  the  slope  of  the 
signal  Is  not  quite  so  simple  here  since  the 
separation  between  the  two  colls  is  much  smaller 
than  the  length  of  the  steel  support  sample 
(0.75  Inches,  19  mm).  If  we  define  the  slope 
of  the  signal  as  the  slope  of  the  straight 
line  joining  the  points  of  maximum  amplitude, 
we  note  that  the  angle  between  the  two  signals 
increases  with  frequency.  The  counter-clockwise 
rotation  of  the  steel  support  signal  on  the  add¬ 
ition  of  magnetite  in  the  crevice  is  also  app¬ 
arent  in  these  data.  Of  course,  the  90°  phase 
separation  between  signals  1  and  2  at  7  kHz 
noted  In  the  absolute  mode  data  is  not  obvious 
here  because  of  the  lack  of  precise  definition 
of  signal  phase  for  the  differential  mode  case. 
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shows  similar  data  for  the  pancake  coll  of  dia¬ 
meter  0.420±0.035  Inches  (10.7i0.9mm) .  The 
phase  angle  separation  between  the  magnetite  and 
the  carbon  steel  signals  Increases  with  test  fre¬ 
quency  for  both  colls  as  expected(l).  For  the 
larger  coll,  the  90°  phase  angle  separation  be¬ 
tween  the  two  signals  occurs  at  150  kHz  whereas 
It  occurs  at  260  kHz  for  smaller  coil.  Of 
course,  the  amplitude  discrimination  between  the 
two  signals  when  they  have  90°  separation  Is 
slightly  higher  for  the  smaller  coll.  At  1  kHz 
and  10  kHz  test  frequencies,  the  magnetite  sig¬ 
nal  Is  smaller  than  the  carbon  steel  signal. 

This  is  perhaps  an  Indication  of  lower  effective 
magnetic  permeability  value  for  our  magnetite 
sample  than  for  carbon  steel. 


Fig.  4b  The  lift-off  traces  for  a  0.42  inches 
(10.7mm)  diameter  pancake  coil  show¬ 
ing  that  the  sensitivity  for  carbon 
steel  relative  to  magnetite  decreases 
with  the  test  frequency. 


Fig  3b  The  eddy  current  signals  using  the 
conventional  probe  In  differential 
mode  showing  similar  sensitivities 
for  magnetite  and  steel  support 
sample  surrounding  Inconel-600  tube. 

Figure  4a  shows  the  lift-off  traces  at  diff¬ 
erent  test  frequencies  from  magnetite  and  from 
carbon  steel  for  a  pancake  coll  of  diameter 
0.245  ±0.055  Inches  (6.2  ±1.4  mm).  Figure  4b 


Fig.  4a  The  lift-off  traces  for  a  0.245  inch 
(6,2  mm)  diameter  pancake  coil  show¬ 
ing  that  the  sensitivity  for  carbon 
steel  relative  to  magnetite  decreases 
with  the  test  frequency. 


Figure  5a  shows  the  signals  obtained  from 
the  same  magnetite  and  steel  support  samples  surr¬ 
ounding  an  Inconel -600  tube  as  in  Figs. 3a  and  3b 
but  using  a  different  probe  (also  shown  in  the 
figure  ).  This  probe  consists  of  two  circumfer¬ 
ential  coils  wound  in  opposition  and  connected  in 
series.  It  has  higher  sensitivity  for  the  mag¬ 
netite  sample  than  for  the  steel  support.  This 
probe  has  optimum  performance  near  100  kHz.  At 
this  frequency,  the  phase  separation  between  the 
two  signals  Is  90°  and  the  ratio  of  the  amplitudes 
of  the  signals  from  magnetite  and  from  steel  supp¬ 
ort  is  about  three.  Furthermore,  the  signal  from 
the  combination  of  magnetite  and  steel  support  Is 
about  the  same  as  from  the  magnetite  sample  alone. 
The  best  frequency  for  90°  phase  separation  for 
signals  1  and  2  can  be  changed  by  simply  changing 
the  spacing  between  the  two  coils  (Fig.  5b).  It 
may  be  noted  from  Fig.  5b  that  by  increasing  the 
coil  spacing,  the  test  frequency  for  the  90°  phase 
separation  is  lowered  from  100  kHz  (Fig.  5a)  to 
16  kHz.  However,  it  may  be  observed  that  this 
results  in  somewhat  similar  sensitivities  for  the 
two  samples  (magnetite  and  steel  support)  and  Is 
therefore  not  of  practical  value  for  a  quantit¬ 
ative  evaluation  of  the  steel  support  or  of  the 
magnetite  In  the  crevice.  Decreasing  the  spacing 
botween  the  two  coils  improves  the  sensitivity 
for  magnetite  as  compared  to  its  sensitivity  for 
steel  support  but  it  also  Increases  the  test  fre¬ 
quency  for  90°  phase  discrimination  between  the 
two  signals. 
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Fig.  5a  The  eddy  current  signals  using  the 
new  probe  consisting  of  two  cir¬ 
cumferential  colls  wound  In  oppo¬ 
sition  and  connected  In  series,  show 
that  the  new  probe  has  higher  sen¬ 
sitivity  for  magnetite  sample  surr¬ 
ounding  Inconel-600  tube  than  for 
steel  support  sample  surrounding 
Inconel -600  tube. 


Fig.  5b  The  eddy  current  signals  from  steel 
support  and  magnetite  samples  surr¬ 
ounding  Inconel-600  tube  obtained 
by  using  the  modified  version  of  the 
probe  of  Fig.  5a.  The  data  shows  that 
the  phase  separation  between  the  two 
signals  can  be  changed  by  simply 
changing  the  spacing  between  the  two 
colls. 


Figure  6  shows  the  signals  obtained  from  the 
samples  using  a  probe  consisting  of  eight  pancake 
colls  In  series.  The  coils  were  wound  on  a  ferr¬ 
ite  piece  about  0.25  inch  (6.35  mm)  thick.  The 
probe  has  optimum  characteristics  near  200  kHz. 

At  this  frequency  there  Is  90°  phase  separation 
between  signals  1  and  2  and  the  ratio  of  the  amp¬ 
litudes  of  magnetite  signal  to  steel  support  sig¬ 
nal  is  about  4.  Also  the  magnetite  signal  Is  al¬ 
most  unchanged  by  the  presence  of  the  steel  supp¬ 
ort. 


Fig.  6  The  eddy  current  signals  from  magnetite 
and  steel  support  surrounding  Inconel - 
600  tube  using  a  probe  with  eight  pan¬ 
cake  colls  In  series.  It  has  optimum 
performance  at  200  kHz. 

It  may  be  noted  that  this  probe  has  somewhat 
similar  characteristics  to  the  probe  In  Fig.  5a 
(notice  similar  shapes  of  the  steel  support  sig¬ 
nals).  This  is  not  surprising  since  the  circum¬ 
ferential  component  of  the  current  resulting  from 
the  currents  In  the  pancake  colls  of  this  probe 
nas  similar  features  to  the  current  for  the  circum¬ 
ferential  colls  of  Fig.  5a. 

Figure  7  shows  the  signals  using  a  somewhat 
similar  probe  as  In  Fig.  6  except  that  the  sense 
of  the  windings  of  the  alternate  pancake  colls 
has  been  reversed.  This  probe  can  be  visualized 
as  having  eight  poles  while  the  probe  of  Fig.  6 
may  be  considered  as  having  sixteen  poles.  The 
test  frequency  for  optimum  characteristics  of 
this  probe  Is  near  400  kHz.  At  this  frequency, 
the  rat'o  of  the  magnetite  signal  to  the  steel 
support  signal  is  about,  three  and  the  two  signals 
have  90°  phase  separation.  It  may  be  noted  that 
this  probe  has  a  large  axial  component  of  current 
which  would  make  it  sensitive  to  the  circumfer¬ 
ential  discontinuities  as  compared  to  the  perform¬ 
ance  of  the  conventional  p»obes  with  circumfer¬ 
entially  wound  colls  such  as  Fig.  1  which  have 
poor  sensitivity  to  circumferentially  oriented 
discontinuities.  This  coll  configuration  with  a 
radial  D.C,  magnetic  field  can  also  be  used  for 
generating  higher  order  tortlonal  mode  elastic 
waves  In  the  tube. 
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Fig.  7  The  eddy  current  signals  from  magnetite 
and  steel  support  surrounding  Inconel - 
600  tubes  using  eight  pancake  colls  In 
series  but  with  alternate  coils  wound 
In  reverse.  It  has  optimum  performance 
at  400  kHz. 

Figure  8a  shows  the  results  obtained  from 
a  long  unevenly  wound  circumferential  coil 
(also  shown  In  the  figure).  The  turn 


Fig.  8a  Eddy  current  signals  from  magnetite 
and  steel  support  surrounding  In¬ 
conel-600  tui.:  using  the  long  un¬ 
evenly  wound  coll.  This  probe  is 
more  sensitive  to  steel  support  than 
to  magnetite  In  crevice. 


density  is  gradually  Increased  as  we 

move  from  the  center  of  the  coll  to  the  ends. 

The  coll  has  higher  sensitivity  for  steel  support 
than  for  the  magnetite  sample  surrounding  the 
Inconel-600  tube.  The  sensitivity  of  the  coll  to 
the  steel  support  sample  compared  to  Its  sensit¬ 
ivity  for  the  magnetite  sample  Increases  as  the 
test  frequency  is  increased.  This  advantage 
seems  to  level  off  around  100  kHz.  The  ratio  of 
the  signal  from  the  steel  support  sample  to  the 
signal  from  the  magnetite  sample  at  100  kHz  is 
about  eight.  However,  the  phase  separation  be¬ 
tween  the  two  signals  at  this  frequency  Is  about 
180°  instead  of  90°  which  Is  more  the  preferred 
separation.  Decreasing  the  test  frequency  re¬ 
duces  this  phase  separation  but  It  also  reduces 
the  ratio  of  the  amplitudes  of  the  two  signals. 

At  1  kHz,  the  phase  separation  Is  about  105°  but 
the  ratio  of  the  amplitudes  of  the  two  signals 
Is  only  three.  This  coll  has  the  Important 
characteristic  that  it  produces  an  unambiguous  In 
dication  from  a  steel  support  with  one  or  more 
ligaments  containing  100%  through-the-wall  axial 
slots  In  Its  entire  0.75  Inch  (19  mm)  length 
(Fig.  8b). 


Fig.  8b  Eddy  current  signals  from  as  manufact¬ 
ured  steel  support  surrounding  Inconel - 
600  tube  and  from  a  support  sample 
with  a  100*  through  the  wall  slotted 
ligament  surrounding  Inconel -600  tube 
using  the  long  coil  of  Fig.  8a.  The 
coil  produces  unambiguous  Indication 
from  a  steel  support  with  a  slotted 
ligament. 

It  may  be  observed  that  this  coll  has  a 
straight  line  response  to  the  steel  support  surr¬ 
ounding  the  Inconel -600  tube  at  10  kHz  test  fre- 
auency.  This  was  achieved  empirically  by  manip¬ 
ulating  the  turn  density  profile  along  the  length 
of  the  coil.  In  fact,  one  can  obtain  a  straight 
line  response  to  the  steel  support  at  a  different 
frequency  by  making  a  judlcioos  choice  of  coll 
length  and  by  manipulating  the  turn  density  pro¬ 
file  along  the  coll  length.  The  straight  line 
response  of  this  coll  to  the  steel  support  surr¬ 
ounding  the  Inconel -600  tube  may  be  compared  to 
the  complicated  signals  obtained  by  using  the 
conventional  coll  In  absolute  mode  (Fig.  3a). 


DISCUSSION  OF  RESULTS 

The  quantitative  evaluation  of  multiple  para¬ 
meters  simultaneously  present  In  a  specimen  can 
be  achieved  through  multiple  tests.  The  minimum 
number  of  tests  needed  Is  equal  to  the  number  of 
parameters  to  be  evaluated.  In  eddy  current 
technique,  one  of  the  test  variables  Is  the  test 
frequency  used  since  the  signals  from  different 
test  variables  often  have  different  frequency 
dependence.  However,  the  separation  of  the  in¬ 
formation  about  the  various  simultaneously  present 
test  specimen  parameters  from  the  multi  frequency 
data  Is  not  easy  and  Is  often  not  possible.  For 
example,  It  has  not  yet  been  possible  to  obtain 
quantitative  Information  about  the  steel  supports 
or  magnetite  In  the  crevices  from  multi  frequency 
eddy  current  data  of  the  type  shown  In  Figs.  3a 
and  3b.  In  this  study,  we  are  approaching  this 
problem  by  using  different  probes  which  have 
very  different  sensitivities  for  the  steel  supp¬ 
ort  and  for  the  magnetite.  We  find  that  we  have 
here  three  sets  of  probes:  (1)  The  conventional 
probe  which  has  somewhat  similar  sensitivities 
for  the  steel  support  and  for  the  magnetite 
sample.  (2)  Probes  which  have  larger  sensitivity 
for  the  magnetite  sample  than  for  the  steel  supp¬ 
ort  sample  (Figs.  5,6  and  7).  The  probe  shown 
in  Fig.  6  has  the  best  characteristics  If  the  ob¬ 
jective  Is  the  evaluation  of  the  tube  support 
crevice.  (3)  The  probe  which  has  larger  sensitiv¬ 
ity  for  steel  support  than  for  the  magnetite 
sample  (Fig. 8).  This  probe  has  the  best  charact¬ 
eristics  If  the  evaluation  of  the  support  plate 
ligaments  Is  the  objective. 

A  complete  understanding  of  the  character¬ 
istics  of  these  coils  would  obviously  require 
computer  based  solut1on$l2)  of  the  field  problems 
involved  here  and  Is  not  within  the  scope  of  this 
work.  Hov/ever,  an  Intuitive  understanding  of 
the  response  of  colls  to  magnetite  and  carbon 
steel  Is  In  order.  We  will  ignore  the  Inconel 
tube  from  this  discussion  since  It  is  a  constant 
parameter  in  our  tests.  The  magnetite  and  carbon 
steel  can  be  fully  defined  for  this  discussion  by 
crv~  and  A.  t  <Tt  the  magnetic  permeab¬ 
ility  and  electrical  conductivity  of  the  respect¬ 
ive  materials.  We  will  not  be  too  far  off  if 
we  take  cs and  o  'vw  O  ^  . 

We  will  further  assume  for  this  discussion  that 
cs.o  so  that  the  response  of  the  coils 
to  the  magnetite  Is  a  measure  of  0-e- 

eddy  current  effects  can  be  ignored).  The  probes 
discussed  in  this  paper  can  be  classified  into 
two  broad  catagorles,  (1)  probes  with  circumfer¬ 
ential  colls  (Figs.  1  and  8)  and  (2j  pancake 
probes  (Figs.  4  to  7).  The  probe  of  Fig.  5  has 
circumferential  colls  but  the  field  Is  so  arr¬ 
anged  that  it  functions  as  a  pancake  probe. 

The  impedence  locus  of  the  test  coil  caused 
by  the  variation  in  the  sample  properties  is  a 
function  of  the  coil  size  and  geometrical  shaped) 
For  example,  the  resistance  maximum  In  the  conduct¬ 
ivity  locus  of  the  impedence  of  cylindrical  colls 
becomes  proportionately  larger  for  longer  coils 
which  results  In  the  longer  colls  having  propor¬ 
tionately  higher  sensitivity  for  higher  conduct¬ 
ivity  samples.  Since  we  can  take  we 


are  assuming  that  the  magnetite  has  hardly  any 
effect  on  the  coil  resistance.  The  magnetite 
only  Increases  the  coll  reactance.  Thus,  the 
sensitivity  of  a  cylindrical  coll  for  carbon 
steel  relative  to  Its  sensitivity  for  magnetite 
can  be  Increased  by  increasing  the  coll  length. 
Increasing  the  length  of  the  coll  would  also 
result  in  increasing  the  phase  angle  separation 
between  the  signals  from  magnetite  and  carbon 
steel.  The  dr.ta  of  Fig.  3a  for  the  short  coll 
and  of  Fig.  8a  for  the  long  coll  are  consistent 
with  the  above  qualitative  arguments. 

The  impedence  loci  of  the  pancake  coils  ex¬ 
tend  less  in  the  resistance  direction  than  even 
those  of  the  short  cylindrical  coils.  Thus,  the 
sensitivity  of  a  pancake  coil  for  carbon  steel 
relative  to  its  sensitivity  for  magnetite  Is 
smaller  than  of  a  short  cylindrical  coll  of  sim¬ 
ilar  radius.  This  is  in  qualitative  agreement 
with  the  data  of  the  coil  of  Figs. 4  a,b  when  com¬ 
pared  to  the  data  on  the  short  cylindrical  coll 
(Fig.  3a).  Similarly,  a  decrease  In  the  diameter 
of  the  pancake  coll  means  moving  the  impedence 
point  for  carbon  steel  to  a  higher  location 
on  the  conductivity  locus  since  a  smaller  coil 
radius  gives  a  lower  effective  reference  number 
for  the  same  metal.  This  results  In  a  higher 
value  for  the  ratio  of  the  magnetite  signal  to 
the  carbon  steel  signal  fpr  smaller  pancake  colls 
and  Is  consistent  with  our  data  using  pancake 
coils  (Figs.  4a  and  4b). 

The  above  discussion  helps  only  In  an  in¬ 
tuitive  understanding  of  the  coll  characteristics. 
It  does  not  attempt  to  explain  the  characteristics 
ot  coils  with  complicated  shapes  (e.g.  figs.  6 
and  7)  nor  does  It  help  In  the  understanding  of 
the  complicated  signal  shapes  obtained  for  carbon 
steel.  A  detailed  mathematical  analysis  of  the 
field  problem  Is  needed  to  understand  more  fully 
the  characteristics  of  these  culls. 

The  data  we  have  shown  here  are  limited  to 
carbon  steel  support  plate  with  1  Inch  (25.4  mm) 
diameter  hole  and  a  magnetite  cylinder  of  0.050 
inch  (1.27  mm)  wall  In  the  support  plate  crevice. 

We  need  to  obtain  data  for  steel  supports  of  diff¬ 
erent  I.D.'s  with  the  resulting  crevices  filled 
with  magnetite  in  order  to  evaluate  these  probes 
more  completely.  For  example,  as  the  support  hole 
I.D.  and  the  thickness  of  magnetite  decreases, 
the  influence  of  steel  support  on  the  coil  rel¬ 
ative  to  that  of  the  magnetite  would  Increase 
which  would  result  In  reducing  the  slope  of  the 
signal  obtained  from  the  combination  of  steel  supp¬ 
ort  and  magnetite  for  the  colls  of  Fig.  5,  6  and 
7.  Thus,  for  a  complete  characterization  of  these 
coils,  we  need  data  on  signal  slope  and  amplitude 
as  a  function  of  the  support  plate  1.0.  and  mag- 
rietlte  thickness.  However,  the  data  presented 
here  conclusively  show  that  the  new  probes  have 
much  better  discrimination  between  steel  supports 
and  magnetite  cylinder  surrounding  the  Inconel- 
600  tubes  than  the  conventional  probes. 

SUMMARY  AND  CONCLUSIONS 

1.  The  phase  angle  separation  between  signals 
from  steel  support  and  from  magnetite  surr- 
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oundlng  an  Inconel -600  tube  can  be  changed 
by  simply  changing  the  coll  geometry  with¬ 
out  changing  the  test  frequency  (Figs  5a 
and  5b). 

2.  Probes  have  been  designed  which  have  much 
higher  signal  phase  and  amplitude  discrim¬ 
ination  between  steel  supports  and  magnetite 
cylinders  surrounding  Inconel-600  tubes  than 
the  conventional  probes. 

3.  The  long  unevenly  wound  circumferential  coll 
(Fig.  8a)  has  an  unambiguous  Indication  for 
steel  supports  with  one  or  more  ligaments 
containing  loot  through  the  wall  axial  slot 

4.  More  experimental  work  towards  a  complete 
characterization  of  these  probes  needs  to  be 
carried  out. 

5.  Theoretical  work  on  the  coll  design  Is  need¬ 
ed  In  order  to  determine  If  the  test  fre¬ 
quency  for  optimum  characteristics  of  the 
colls  can  be  lowered  to  near  10  kHz. 
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geometries  Is  given  here. 


SUMMARY  DISCUSSION 


Jim  Martin,  Chairman  (Rockwell  Science  Center):  I  think  we  have  time  for  questions.  If  not,  I  have  a 
question. 

I  am  not  completely  famllar  with  this  field.  The  operation  at  10  kilohertz  seems  to  be  very 
Important.  What  Is  the  disadvantage  of  operating  at  higher  frequencies? 

Amrlt  Sagar  (Westlnghouse  Electric):  At  high  test  frequencies,  the  signals  from  tube  discontinuities 
such  as  dents  and  wall  thinning  are  large  and  interfere  with  the  evaluation  of  the  support 
plate  condition.  At  lower  test  frequencies  In  the  range  of  10  KHz,  signals  from  such  sources 
are  relatively  Insignificant  and  do  not  Interfere  with  the  evaluation  of  the  support  plate  and 
crevices. 

Bert  Auld  (Stanford  University):  I  have  a  question.  How  do  these  colls  relate  to  the  standard 
differential  and  absolute  colls  In  regard  to  the  probe  wobble  signals?  D'd  you  find  any 
differences: 

Amrlt  Sagar:  Since  we  are  working  at  low  test  frequencies,  the  probe  wobble  signals  are  very  small  and 
present  no  problem.  A  coll  somewhat  similar  to  the  long  coll  was,  I  guess,  tried  In  the  field 
a  couple  of  years  ago.  The  Information  I  got  was  that  the  field  people  liked  Its  performance 
since  this  coll  produces  very  unambiguous  signals  from  the  support  plates  with  broken 
ligaments.  In  fact,  separating  the  support-plates  with  broken  ligaments  from  the  good  support 
plates  becomes  a  trivial  problem.  In  this  presentation,  I  am  not  Implying  that  the  problen  Is 
completely  solved.  In  fact,  some  of  these  colls  have  problems,  for  example,  some  of  them  have 
optimum  performance  at  high  frequencies  In  whls’h  case  probe  wobble  could  be  a  problem. 


Thank  you. 
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ABSTRACT 

The  electric  current  perturbation  (ECP)  method  of  nondestructive  evaluation  is  a  powerful 
technique  for  detection  and  characterization  of  very  small  defects  in  nonferromagnetic  material* 

It  consists  of  establishing  a  current  flow  in  the  material  to  be  inspected  and  then  measuring 
current  perturbations  caused  by  nonconducting  defects  such  as  fatigue  cracks.  The  current  per¬ 
turbation  is  sensed  by  a  non-contacting  magnetometer  probe  which  detects  the  associated  magnetic 
field  perturbation.  Recent  findings  from  ECP  investigations  are  reviewed  in  this  paper.  First, 
analytical  modeling  and  experimental  result..:  show  that  single  and  multiple,  closely  spaced  slots 
can  be  characterized  from  their  unique  ECP  signatures?  second,  ECP  inspection  results  from  tiebolt 
holes  in  TF-33  gas  turbine  engine  disks  demonstrate  the  capability  to  characterize  very  small 
(0.305  mm  long  by  0.137  mm  deep),  tightly-closed,  service- induced  fatigue  cracks;  and  third,  pre¬ 
liminary  results  of  an  ECP  experiment  on  a  two  layer  fastener  configuration  show  that  radial  slots 
in  fastener  holes  can  be  detected  in  the  second  layer  with  the  fastener  installed. 


INTRODUCTION 


The  nondestructive  detection  and  characteriza¬ 
tion  of  (1)  tightly-closed,  low-cycle  fatigue 
cracks  in  gas  turbine  engine  components  and  (2) 
fatigue  cracks  emanating  from  fastener  holes  in 
structural  elements  of  aircraft  are  two  of  the 
most  pressing  problems  confronting  the  Air  Force. 
Nondestructive  evaluation  (NDE)  methods  for  ad¬ 
vanced  superalloy  and  titanium  alloy  gas  turbine 
engine  components  are,  in  fact,  pacing  the  develop¬ 
ment  of  retirement-for-cause  based  on  fracture 
mechanics  analyses  of  crack  severity.  The  size 
range  of  interest  is  0.254  mm  or  less  surface 
length,  with  an  aspect  ratio  of  approximately 
2  to  1.  NDE  methods  for  the  detection  of  interior- 
layer  cracks  on  critical  wing-fastener  configura¬ 
tions  such  as  the  C-5A  wing-splice  joint  axe  needed 
to  satisfy  both  safety-of-f light  and  repair  inspec¬ 
tion  criteria  (2.54  mm  and  0.76  mm  radial  crack 
length,  respectively) .  It  is  well  documented  that 
fatigue  cracks  originating  at  fastener  holes  are 
the  primary  cause  of  airframe  failures  (1) * 

The  purpose  of  this  paper  is  to  present  re¬ 
sults  of  recent  analytical  and  experimental  inves¬ 
tigations  with  the  electric  current  perturbation 
(ECP)  method  of  nondestructive  evaluation  which 
relate  to  each  of  these  two  critical  problems. 

Three  areas  of  research,  development  and  engineer¬ 
ing  applications  are  reviewed:  (1)  analytical  and 
experimental  results  on  surface  slots  approximating 
fatigue  cracks  of  both  single  and  multiple  closely- 
spaced  configurations?  (2)  demonstration  inspec¬ 
tion  results  on  actual  service-induced  LCF  cracks 
in  TF-33  3rd  stage,  qas  turbine  engine  disks  ori¬ 
ginating  in  the  tiebolt  holes  of  the  disks;  and 
(3)  preliminary  results  on  interior  layer  fastener 
hole  cracks  approximated  by  EDM  slots  in  the  faying 
surface  of  the  second  layer. 

DESCRIPTION  OF  THE  ELECTRIC 

CURRENT  PERTURBATION  METHOD 


Fig.  1.  Figure  1A  shows  an  idealized  specimen  with 
no  defect  present  in  which  there  exists  an  unper¬ 
turbed  current  density  and  a  corresponding  mag¬ 
netic  flux  density  Bq  immediately  above  the  sur¬ 
face  of  the  specimen.  When  a  defect  such  as  a 
crack  is  introduced,  the  distribution  of  current 
density  is  altered  as  indicated  in  Fig.  IB,  and 
the  flux  density  ab^ve  thj  surface  of  the  specimen 
changes  from  B  to  Bo  +  AB.  The  ECP  method  con¬ 
sists  of  detecting  AJ$  with  a  differential  magneto¬ 
meter  probe  (Fig.  2)  as  a  function  of  probe  posi¬ 
tion  and  relating  the  resulting  nignal  character¬ 
istics  to  detect  geometry. 
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Fig.  1.  Principles  of  the  electric  current 
perturbation  method 


y 


The  fundamental  principles  of  the  electric 
current  perturbation  method  are  illustrated  in 
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Fig.  2.  Schematic  of  a  magnetometer  scan 


KK.ct  ric  cur  rout-  flow  may  be  int  reduced  by 
either  direct  (ohmic)  contact  with  the  specimen 
using  a  suitable  current  source  or  by  inducing  the 
current  flow  in  the  specimen  with  an  induction  coil, 
A  typical  label atory  setup  for  direct  injection  ex¬ 
periments  is  shown  in  the  block  diagram  of  Pig,  3, 
Frequencies  in  the  range  of  less  than  100  Hz  to 
100  kHz  are  used  depending  on  the  depth  of  the  de¬ 
fect  to  be  detected  and  the  conductivity  of  the 
material  (skin  depth  effect)* 
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fig.  3.  Block  diagram  of  KCP  direct  contact 
experimental  apparatus 


The  signal  characteristics  for  a  defect  of 
simple  geometry  are  illustrated  in  Pig.  4.  A 
small  slot  was  made  in  the  surface  of  a  nickel- 
base  superalloy  (Incoloy  901)  spocimcn  by  air- 
abrasive  machining.  This  slot'  was  scanned  at  in¬ 
crements  along  its  length  to  generate  representa¬ 
tive  signatures.  As  the  scan  tracks  approach  the 
slot  from  one  end,  a  sizeable  signature. is  obtained 
oven  at  a  distance  of  1.903  mm  from  the  center.  At 
closer  scans,  the  signal  builds  to  a  maximum  ampli¬ 
tude  and  then  very  abruptly  changes  amplitude,  pro¬ 
ducing  an  almost  null  signal  at  the  center  of  tin- 
slot.  As  the  scan  passes  the  center,  the  signal 
builds  in  amplitude  again  but  of  opposite  polarity 
and  slowly  diminishes  at  further  distances  away 
from  the  slot  center. 
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Fig.  4.  ECP  signatures  from  a  0.635  mm  X  0.229  mm 
X  0,152  mm  slot 


Two  imjortant  signal  characteristics  ate  im¬ 
mediately  obvious:  first,  the  center  of  the  slot 
can  bo  located  by  the  null  and  the  polarity  re¬ 
versals  on  either  side.  Second,  the  spacing  be¬ 
tween  maxima  in  the  signal  amplitude  is  related 
to  slot  length.  In  addition,  it  has  been  empiri¬ 
cally  demonstrated  that  the  peak  amplitude  of  the 
signal  is  directly  proportional  to  the  inter facial 
area  of  a  slot  for  small  slots. 

Those  characteristics  in  amplitude,  (Hilarity 
and  shape,  as  well  as  excellent  repeatability,  re¬ 
producible  background  from  the  material  and  a  high 
signal-to-elcctronic-noiso  ratio,  are  all  important 
in  the  detection  and  characterization  of  defects 
as  discussed  in  the  following  sections. 

SINGLE  VS,  MULTIPLE  CLOSELY  SPACF2  CRACKS 

Of  significance  to  retirement- for-cause  (RFC) 
inspection  requirements  is  the  potential  of  the 
KCP  method  to  discriminate  individual  cracks  from 
multiple,  closely  spaced  cracks.  Low-cycle  fatigue 
cracks  initiate  in  regions  of  high  strain  concen¬ 
tration  such  as  bolt-  holes  in  engine  disks.  In 
nickel-base  superalloy  disks,  microcracks  on  the 
scale  of  the  grain  diameter  initiate  very  early  in 
the  life  of  the  disk.  Most  of  the  lifetime  to  form 
a  detectable  I.CF  crack,  on  the  order  of  0.76  mm 
length  on  the  surface,  consists  of  the  linkup  be¬ 
tween  microcracks  Thus  the  discrimination  between 
a  single,  linked-up  crack  and  a  row  of  isolated 
mjcrocracks,  is  imjxirtant  to  predicting  residual 
lifetime.  In  particular,  the  inability  to  discrim¬ 
inate  between  single  and  multiple  cracks  in  coarse¬ 
grained  materials  would  cause  retirement  of  the  part 
long  before  its  fatigue  life  was  exhausted. 

An  approximate  analytical  model  has  peon  de¬ 
veloped  (2)  which  gives  KCP  signal  characteristics 
as  a  function  of  defect  shape  and  size  for  both 
single  and  closely  spaced  slots,  A  description  of 
the  model  follows,  alonq  with  a  comparison  of  theo¬ 
retical  and  experimental  results  for  single  and 
closely  spaced  slots. 

Analytical  Model  -  The  analytical  model  for  a 
single  slot  is  based  on  the  following  assumptions: 

(1)  an  idealized  crack  geometry  adequately  repre¬ 
sents  the  perturbation  to  current  flow  and  end 
effects  may  be  ignored. 

(2)  the  unperturbed  current  density  is  uniform  and 
constant  in  time  since  the  skin  depth  is  large  com¬ 
pared  to  slot  dimensions. 

A  geometrical  model  consistent  with  these  as¬ 
sumptions  is  shown  in  Fig.  5,  Here,  a  slot  of  depth 
d  and  infinitesimal  width  is  shown  at  right  angles 
to  the  surface.  The  effect  of  slot  length  is  ig¬ 
nored  and  the  current  perturbation  is  approximated 
by  a  function  of  x  and  y  only.  *"  :•*  resulting  two 
dimensional  current  density  perturbation  may  then 
be  used  to  calculate  an  approximate  change  in  mag¬ 
netic  flux  density  by  integrating  over  the  slot 
length  1.  Expressions  for  the  components  of  the 
change  in  flux  density  caused  by  the  slot  were  ob¬ 
tained  using  the  method  of  complex  potentials  to 
calculate  the  current  de.isity  perturbation  (3,4). 
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Fig,  5.  Geometry  fo,.-  the  calculation  of 

elect tic  current  port  rbahion  signals 

To  predict,  the  response*  of  two  closely  spaced 
slots,  it  was  further  assumed  that  the  solutions  to 
the  flux  perturbation  equations  are  mathematically 
uncoupled  and  obey  the  law  of  suporposit ion.  Thus, 
the  perturbation  in  the  x-comj'onent  of  the  flux  for 
two  closely  spaced  slots  is  simply  the  superposi¬ 
tion  of  solutions  for  the  x-co:«|x>nont  of  the  change 
in  flux  density  for  each  slot.  Characteristics  of 
these  Kolut ions  are  most  apparent  in  plots  of  peak 
amplitude'  as  a  function  of  jnisition  along  and 
beyond  the  ends  of  the  slots  as  discussed  below. 

Comparison  between  Theory  and  Kxporiment  -  Two 
cases  wore  modeled  analytically  and  experimentally: 


Petition  llont  Vo!  length  (mm) 


Pig.  (>  Theoretical  FCP  peak  signal  amplitudes 
vs.  jxjsition  along  slot  length  for  a 
single  1.499  mm  by  0 . '.>40  mm  slot  and 
two  0.559  nun  by  0.20  3  mm  slots  separated 
by  0.301  m  > 

This  first  vase  was  approximated  experimen¬ 
tally  with  two  small  slots  0.010  mm  long  by  0.203  mm 
deep,  spaced  0.301  mm  apart  and  a  single  1.575  mm 
long  by  0.533  mm  deep  slot.  The  slots  could  not 
be  made  exactly  the  sank*  size  as  in  the  theoretical 
calculations  due  to  limitations  of  the  air-abrasive 
machining  process.  Figure  7  is  a  plot  of  the  ECP 
experimental  data  with  ln>th  curves  normalized  so 
that  the  peak  amplitude  of  the  double  slot  signal 
has  the  same  value  as  in  Fig.  6,  Note  the  excellent 
agreement  of  experimental  results  with  the  theo¬ 
retical  calculations  shown  in  Fig.  6. 
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(1)  discrimination,  of  two  small  cracks  of  the  name 
size  placed  end-to-end  with  a  relatively  close 
spacing  of  loss  than  one  crack  length  from  a  larger 
single  crack  of  approximately  the  same  overall 
length  as  the  two  cracks  (all  cracks  having  the 
same  aspect  ratio) . 

(2)  discrimination  of  the  same  two  small  cracks 

1 rom  a  small  single  crack  ot  the  same  size  and  as¬ 
pect  ratio. 

I))  the  first  case  theoretical  predictions  were 
calculated  using  super] position  of  solutions  for  two 
0.559  rom  long  by  0.203  mm  deep  slots  with  a  spacing 
oi  0.301  mm  and  a  single  large  slot  measuring 
1.4og  mm  long  and  0.940  mm  deep  having  the  same  as- 
]xM't  ratio.  Theoretical  results  for  these  two  eases 
are  shown  in  Fig.  f>.  Mere  the  distributions  of  cal¬ 
culated  peak  signal  amplitudes  from  scans  perpendi¬ 
cular  to  thi'  slot  length  are  plotted  versus  position 
along  the  slot  length.  The  single  large  slot  pro¬ 
duces  a  very  large  difference  in  the  jx«ak-to-poak 
amplitude  (almost,  an  order  of  magnitude)  compared 
to  the  two  small  slots,  and  the  peak -to -peak  spacing 
for  the  large  slot  is  significantly  greater  than 
that  for  the  two  smaller  slots.  Also,  there  is 
a  slight  inflection  in  the  plot,  for  the  closely 
spaced  slots. 


Fig.  7.  Experimental  ECF  peak  signal  amplitudes 
vs.  position  along  slot  length  for  a 
single  1.575  mm  by  0.533  rom  slot  and 
two  0,010  mm  by  0.203  mm  slots  separated 
by  0.381  mm 

In  the  second  case,  discrimination  is  desired 
between  two  closely  spaced  cracks  and  a  single  crack 
of  the  same  size  as  one  of  the  closely  spaced  cracks. 
Figure  8  shows  the  theoretical  prediction  of  the 
peak-to-peak  amplitude  distributions  for  this  case, 
utilizing  the  same  0.559  mm  by  0.203  mm  slots 
spaced  0.381  mm  apart  and  a  single  0.559  mm  by 
0.203  mm  slot.  Again,  the  signal  features  can  be 
used  to  differentiate  between  the  two  conditions, 
i.e.  the  change  in  peak-to-peak  separation  and 
peak-to-peak  amplitude,  and  again,  in  the  case  of 
the  two  closely  spaced  slots,  a  slight  inflection 
of  the  curve  in  the  signature  region  between  the 
upward  and  downward  peaks . 
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Fig.  8.  Theoretical  Ecr  peak  siijn.il  amplitudes 
vs.  jx>sition  along  slot  length  for  a 
single*  0.559  nun  by  0.203  mm  slot  and  two 
slots  of  the  same  size  separated  by 
0.381  nun 

This  second  case  was  approximated  in  an  exper¬ 
iment  which  compared  Ecr  signals  from  a  single 
0.835  mm  by  0.229  nun  slot  with  those  from  a  set  of 
t  wo  0.810  nun  by  0.203  mm  slot  a  separat  ed  L>^  a  spac¬ 
ing  of  0,381  mm.  Figure  9  is  a  plot  of  experimental 
data  for  these  two  conditions  with  both  curves 
normalized  so  that  the  peak  amplitude  of  the  sig¬ 
nal  from  the  single  slot  1  is  the  same  value  as  in 
Fig.  8.  The  signal  features  in  the  experimental 
case  are  similar  to  those  predicted  by  the  theo¬ 
retical  model  (Fig.  8)  with  the  exception  of  the 
difference  in  ponk-to-peak  amplitudes.  Also,  the 
experimental  poak-to-peak  spacing  is  similar  to 
that  predicted  by  the  model  and  there  is  a 
slight  inflection  in  the  signal  from  the  closely 
spaced  slots  at  the  center.  Some  of  the  differ¬ 
ences  in  the  experimental  data  such  as  asymmetiy 
of  the  positive  and  negative  peak  amplitudes  can 
be  attributed  to  the  fact  that  the  slots,  generated 
by  aii -abrasive  material  removal,  are  somewhat  ir¬ 
regular  and  are  slight  ly  different  in  size  than  tlioso 
used  in  the  model  predictions.  Also,  the  slots 
were  slightly  deeper  on  one  end  than  on  the  other 
as  determined  from  replicas.  These  data  do  show, 
however,  that  the  approximate  model  predictions 
agree  remarkably  well  with  experimental  data  ob¬ 
tained  from  single  and  closely  spaced  slots. 
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I.CF  CRACKS  IN  TP- 33  GAS  TimiUNK  ENGINE  DISKS 

Inspect  ion  Procedure  -  The  PCI'  method  was  evaluated 
in  a  demonstration  of  its  capability  to  detect  and 
characterize  low  cycle  fatigue  (LCF)  cracks  in  tie- 
bolt  holes  of  TF-33,  third  stage  turbine  disks 
fabricated  from  wrought  Ineoloy  90]  (5).  FOP  exam¬ 
inations  were  performed  on  ten  tiebolt  holes  in 
each  of  ten  scrap  TF-33  cisks  vising  circumferential 
scans  at.  O.G35  mm  axial  increments. 

The  scanning  apparatus  used  in  the  investiga¬ 
tion  is  shown  positioned  on  a  TF-33  disk  in  Fig.  10. 
An  EOT  probe  employing  a  non- cent  acting  induction 
method  for  establishing  current  flow  in  the  tiebolt 
hole  was  used.  The  scanning  system  i  icorporated 
a  circumferential  motor  drive  with  manual  axial  po¬ 
sitioning  using  a  precision  lead  screw;  a  shaft 
angle  encoder  indicated  circumferential  probe  po¬ 
sition  on  each  scan,  pata  were  recorded  on  a  strip- 
chart  recorder . 


Fig.  10.  EOF  scanning  system  for  TF-33 
turbine  disc  tiebolt  holes 


Typical  Crack  Signals  -  Figure  1 1 A  shows  two  typical 
repeat  scans  of  a  single  scan  track  to  illustrate 
the  excellent  repeatability.  Every  detail  of  the 
crack  signal  and  also  of  the  signal  background 
throughout  the  entire  scan  is  highly  repeatable. 
Theso-datn  show  that  the  signal  and  the  background 
characti ristics  arc  precisely  related  to  the  hole 
under  inspection  and  are  not,  due  to  extraneous  in¬ 
fluences  from  electronic  noise,  probe  liftoff  varia¬ 
tions,  etc. 
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Fig.  9.  Experimental  ECF  peak  signal  amplitudes 
vs.  position  along  slot  length  for  a 
single  0.635  mm  by  0.229  mm  slot  and  two 
0.610  iron  by  0.203  mm  slots  separated  by 
0.381  mm 


480 


A  Rtp*al  Sc*n» 


8  High  S»n»iii»iiy  Scon 
with  Pr«b« 

from  TuMt  Holt 

Fig.  11,  ECr  scans  showing  repeatability 
and  electronic  noise 


To  illustrate  the  ECP  technique's  potential 
sensitivity  to  extremely  small  defects#  Fig.  11B 
shows  a  trace  made  with  the  probe  removed  from  the 
tiebolt  hole  and  scanned  in  air;  the  sensitivity 
has  been  increased  by  a  factor  of  50  over  that 
shown  in  the  traces  in  Fig.  11A,  Even  the  back¬ 
ground  signals  in  normal  scan  traces  in  Figure  11A 
are  far  above  the  electronic  background  noise. 

Thus,  sensitivity  is  limited  by  material  character¬ 
istics  and  not  by  system  noise. 

Inspection  Results  -  Since  the  primary  objective 
was  to  assess  capability  of  the  ECP  method  for  de¬ 
tecting  and  characterizing  small  cracks#  four  tie- 
bolt  holes  were  selected  which  had  signatures  with 
a  signal-to-noise  ratio  of  approximately  two  (based 
on  material  background  noise) .  These  holes  were 
scanned  again  at  0.318  mm  increments  between  scans 
to  obtain  higher  resolution.  Portions  of  the  four 
selected  tiebolt  holes  were  removed  from  the  disks 
and  examined  on  the  surface  using  both  an  optical 
microscope  and  a  scanning  electron  i  ' croscope  (SEM) 
to  determine  surface  crack  geometry.  Selected 
cracks  were  then  sectioned  metallurgically  and  ex¬ 
amined  with  the  SEM  to  determine  subsurface  geo¬ 
metry.  Since  the  cracks  were  very  tightly  closed 
in  both  cases#  it  was  necessary  to  chemically  etch 
the  surface  to  reveal  the  cracks. 

In  each  specimen#  a  large  number  cracks 
spaced  relatively  close  together  were  found,  and  in 
most  cases  they  showed  a  very  complex  geometry  be¬ 
low  the  surface.  Many  were  at  an  angle  to  the  sur¬ 
face,  while  some  branched  into  multiple  cracks  be¬ 
neath  the  surface.  In  a  few  cases,  subsurface 
cracks  were  found  with  no  surface  indications.  Many 
subsurface  inclusions  were  also  found. 

Figure  12  shows  a  surface  photomicrograph  of 
cracks  near  the  top  end  of  one  tiebolt  hole  and  ECP 
signatures  obtained  at  the  designated  scan  txack 
positions.  A  photomicrograph  of  the  subsurface  geo¬ 
metry  of  crack  A  is  shown  in  Fig.  13.  Note  that  the 
ECP  scans  for  the  entire  circumference  of  the  bolt 
hole  are  shown  in  Fig.  12  and  that  the  region  in 
the  photograph  comprises  only  a  small  segment  of  the 
overall  ECP  signature.  Also,  since  these  scans  were 
taken  near  the  top  of  the  hole,  a  slight  gradient 
is  present  in  the  signal  near  the  center  of  each 
trace  due  to  an  abrupt  change  in  disk  thickness  in 
this  region. 


SECOND  LAYER  FASTENER  HOLE  CRACK  DETECTION 

An  investigation  is  presently  underway  to  de¬ 
termine  the  feasibility  of  detecting  fatigue  cracks 
in  the  second  layer  of  a  two  layer  structural  fas¬ 
tener  configuration  (fastener  installed)  using  the 
ECP  method.  The  goal  is  to  detect  a  slot  of  approx¬ 
imately  2,54  mm  radial  length  through  a  full  outer 
layer  thickness  of  6.35  mm  (6).  However,  this  work 
is  r.ot  yet  complete  and  only  a  progress  report  is 
given  here. 

Direct  Contact  Current  Injection  Results  -  Figure  14 
is  a  schematic  of  a  simplified  two  layer  configura¬ 
tion  without  a  hole  constructed  from  aluminum  flat 
plate  stock.  An  electric  discharge  machine  (EDM) 
rectangular  slot  measuring  2.794  mm  long  by  0.889  mm 
deep  was  placed  in  the  bottom  layer,  and  several 
top  layer  thicknesses  were  used  to  study  the  ECP 
response  as  a  function  of  layer  thickness.  Direct 
electrical  contact  was  used  to  establish  current 
flow  in  the  second  layer  which  was  separated  from 
the  first  layer  by  a  0.076  mm  thick  nonconducting 
plastic  (Mylar  )  film.  An  ECP  probe  designed  speci¬ 
fically  for  subsurface  defect  detection  was  scanned 
on  the  surface  of  the  top  layer  in  the  direction  of 
current  flow. 

_ Direction  of  Trovai 


Fig.  15.  ECP  signals  from  2.794  mm  by  0.889  mm  slot 
in  second  layer  configuration  using  direct 
contact  arrangement 
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Fig.  14.  ECP  direct  contact  configuration  for  detection  o::  second  layer  defects 


Experimental  results  shown  in  Fig.  15  confirm 
that  the  slot  can  be  readily  detected  through  a  top 
layer  thickness  up  to  6.35  mm.  Moreover,  these  ECP 
signals  were  obtained  without  the  use  of  any  signal 
processing.  As  expected,  the  signal  amplitude  de¬ 
creases  with  increasing  top  layer  thickness,  but 
it  is  still  significantly  above  background  signal 
gradient  level  at  a  6.35  mm  thickness.  Although 
this  experiment  is  greatly  simplif  ed  in  that  no 
hole  or  fastener  was  present  in  the  specimen,  it 
illustrates  that  in  this  idealized  case  the  elec¬ 
tric  current  method  is  capable  of  detecting  a  de¬ 
fect  of  the  size  range  of  interest  in  the  faying 
surface  of  the  second  layer  of  the  C-5A  wing  splice 
joint. 


Induced  Current  Flow  -  An  induction  coil  was  de¬ 
signed  which  could  be  placed  on  the  top  layer  coax¬ 
ial  with  a  fastener  to  induce  current  flow  around 
the  fastener  hole.  A  motor  driven  scanning  system 
was  constructed  to  scan  the  ECP  probe  circumferen¬ 
tially  around  the  fastener  hole  on  the  top  layer. 

F: gure  16  is  a  schematic  of  the  experimental  con¬ 
figuration.  Again,  a  probe  designed  for  subsurface 
detection  was  used. 


«0  t* 


hm  MaCIIM  trfl  tc*  f<(»«  ** 

•t  «  .all  U*  *1  tM 


Pig.  16.  Induced  current  configuration  for 
detection  of  second  layer  defects 
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REFERENCES 


At  present  experimental  data  have  been  obtained 
only  from  a  4.118  mm  X  4.318  mm  triangular  slot  in 
the  second  layer  with  top  layer  thicknesses  of 
1.600  mm  and  3.175  mm.  The  ECP  signals  are  shown  in 
Fig.  17.  The  excellent  signals  obtained  here  pro¬ 
vide  strong  evidence  that  the  desired  goal  of  de¬ 
tecting  a  2.54  mm  X  2.54  mm  triangular  slot  through 
a  6.35  mm  thick  top  layer  can  be  ach'eved. 


A  l  600 mm  Thick  Top 


B  3  175  mm  Thick  Top  Loj«r 


Fig.  17.  ECP  signals  from  4.318  mm  by  4.318  mm 
triangular  slot  in  second  layer 
configuration  using  induced  current 
arrangement 


CONCLUSIONS 


Both  theoretical  and  experimental  data  show 
that  good  potential  exists  to  differentiate  between 
small,  closely  spaced  cracks  and  single  cracks  al¬ 
though  more  experimental  data,  modeling,  probe  re¬ 
finements  and  signal  processing  will  be  required  to 
differentiate  between  cracks  with  complex  subsurface 
geometries.  The  potential  also  exists  to  determine 
crack  characterization  parameters  such  as  depth  al¬ 
though  again  additional  data,  modeling  and  siqnal 
processing  will  be  required  to  characterize  complex 
exacks.  The  ECP  method  is  capable  of  detecting  very 
small  surface  entering  fatigue  cracks  as  indicated 
by  the  relatively  isolated  crack  measuring  0.305  mm 
long  by  0.137  mm  deep  that  was  detected  in  a  TF-33 
gas  turbine  engine  disk  tiebolt  hole.  Smaller 
cracks  were  also  detected?  however,  their  signals 
were  complicated  by  influences  from  adjacent  cracks. 
Based  on  extrapolated  data  obtained  with  the  surf ace 
ECP  probe,  the  minimum  detectable  crack  size  (using 
a  signal -to-backg round  ratio  of  approximately  two) 
for  disks  investigated  is  approximately  0.254  mm 
long  by  0.076  mm  deep. 

Applied  in  the  low  frequency  mode  to  the  second 
layer  crack  detection  problem,  the  ECP  method  has 
demonstrated  gooo  sensitivity  to  small  EDM  slots 
approximating  fatigue  cracks  in  the  second  layer 
faying  surface.  The  goal  of  achieving  reliable 
crack  detection  for  safety-of-f light  inspection 
criteria  appears  to  be  attainable. 
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SUMMARY  DISCUSSION 


Jim  Martin,  Chairman  (Rockwell  Science  Center):  I  think  your  friends  are  lucky  to  have  such  a  clear 
speaker  to  represent  them. 

Are  there  any  questions? 

Unidentified  Speaker:  The  original  experiment  was  In  steel? 

Richard  Smith  (Southwest  Research  Institute):  The  jet  engine  experiments? 

Unidentified  Speaker:  Yes. 

Richard  Smith:  That  was  not  steel. 

Unidentified  speaker:  Titanium? 

Richard  Smith:  910. 

A1  Bahr  (SRI):  What  were  the  range  of  the  frequencies  of  the  applied  currents? 

Richard  Smith:  They  ranged  from  100  hertz  to  1,0  kilohertz. 

01 ck  Barry  (Lockheed  Missiles  and  Space):  Did  you  indicate  that  this  probe  Is  not  sensitive  to  lift  off 
or  some  of  the  other  problems  you  had;with  the  other  type  of  eddy  current  devices? 

Richard  Smith:  No,  I  did  not  Indicate  that.  And  it  would  certainly  be  affected  by  lift  off. 

Jim  Martin,  Chairman:  Lets  continue. 
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SURFACE  FLAW  DETECTION  WITH  FERROMAGNETIC  RESONANCE  PROBES 


B.  A.  Auld,  F.  Muennemann,  D.  K,  Winslow 
Edward  L.  Glnzton  Laboratory 
Stanford  University,  Stanford,  California  94305 


ABSTRACT 

Eddy  current  methods  of  flaw  detection  have  been  In  use  for  many  years.  Frequencies  used  In  this  type 
of  flaw  detector  normally  range  from  tens  of  kilohertz  to  a  few  megahertz.  We  report  on  recent  progress 
using  a  resonant  probe  which  operates  In  the  gigahertz  frequency  range,  and  compare  its  performance  with 
classical  eddy  current  methods. 

INTRODUCTION 


Physical  Configuration:  The  probe  consists  of  a 
single  crystal  yttrium  Iron  garent  (YIG)  ellipsoid, 
less  than  a  millimeter  In  diameter  (Fig.  1).  An 
external  magnet  lines  up  the  magnetic  (and  angular) 
momenta  of  the  electrons  In  the  YIG,  which  then  be¬ 
haves  as  a  precesslng  magnetic  dipole. The  crys¬ 
tal  Is  In  a  wire  loop  at  the  end  of  a  semi-rigid 
coax  line,  and  an  RF  signal  excites  the  resonant 
precession.  Although  uniform  precession  of  all  the 
electrons  together  is  generally  the  dominant  mode, 
other  higher-order  modes  are  possible.3  These  modes 
are  conveniently  displayed  experimentally  on  a  net¬ 
work  analyzer  (with  Smith  Chart  display),  where  each 
mode  appears  as  a  loop  on  the  frequency-scan  trace 
(Fig.  2). 


y 


Fig.  1.  Probe  geometry  for  flaw  detection,  showing 
spherical  resonator  and  coupling  loop. 


Fig.  2.  Display  of  resonator  i.odes  on  the  Smith 

Chart.  Reflected  amplitude  Is  given  by  the 
distance  of  the  trace  from  the  center,  rela¬ 
tive  phase  by  the  polar  angle.  In  this  dis¬ 
play,  frequency  Is  swept  from  about  850  to 
950  MHz;  the  trace  advances  in  phase  as  fre¬ 
quency  Increases. 

Each  mode  has  a  characteristic  distribution  of 
magnetization  within  the  YIG,  and  a  characteristic 
external  magnetic  field.  This  oscillating  field 
interacts  with  the  test  sample.  Inducing  currents  In 
It,  which  In  turn  changes  the  strength  (p  factor)  and 
center  frequency  of  each  of  the  modes.  Thus,  the 
analyzer  output  from  a  cw  input  changes  as  a  function 
of  the  distance  to  and  conductivity  of  the  test  sam¬ 
ple.  This  "wall  effect"  is  well-known  In  YIG- 
technology.^  Experimentally,  we  measure  the  imped¬ 
ance  of  -he  loop  as  a  function  of  position  on  the 
test  surface.  We  maintain  the  lift-off  between  25 
and  50  microns.  Because  the  spatial  distribution  of 
the  magnetic  fields  of  the  higher  modes  varies  even 
more  quickly  than  the  dimension  of  the  YIG,  resolu¬ 
tion  is  not  strictly  limited  to  the  size  of  the  probe. 
Since  different  modes  can  be  accessed  by  changing  the 
frequency  of  operation,  a  single  probe  can  have  many 
different  "window  functions",  even  though  Its  physi¬ 
cal  configuration  Is  unchanged.  This  allows  us  to 
discriminate  the  effect  of  lift-off  from  the  presence 
of  a  flaw,  and  should  ultimately  make  possible  detail¬ 
ed  quantitative  flaw  characterization. 
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Experimental  Set-up:  An  end-on  view  of  a  probe 
used  for  flat  samples  Is  shown  In  Fig.  3.  The  YIG 
is  mounted  on  a  piece  of  microwave  circuit  board 
with  a  loop  etched  In  It.  Wire  leads  connect  the 
ends  of  the  loop  to  a  semi-rigid  coax  line.  A  small 
SmCo  magnet  In  a  nearby  brass  holder  maintains  the 
necessary  DC  bias  field.  This  Is  one  of  the  latest 
generation  probes,  which  has  a  standardized  mechani¬ 
cal  mounting  for  the  coax  cable,  and  SMA  connector. 


Fig.  4.  Block  diagram  of  microwave  circuitry  for 
FMR  flaw  detection. 


Fig,  3.  End-on  view  of  latest  generation  probe, 
showing  printed-circuit  coupling  loop. 

The  YIG  sphere  is  visible  in  the  center. 

A  block  diagram  for  the  network  analyzer  we 
use  is  shown  in  Fig.  4.  Since  flaw  detection  re¬ 
quires  high-gain  differential  measurement,  as  well 
as  compactness  and  portability,  we  use  a  minia¬ 
turized  analyzer  based  on  a  phase  discriminator, 
rather  than  a  commercial  network  analyzer.  The  en¬ 
tire  device  weighs  a  few  pounds,  and  is  small  enough 
to  be  carried  with  one  hand.  For  most  experiments, 
positional  information  as  well  as  probe  response  Is 
of  interest;  a  mechanized  translator  with  a  Linear 
Voltage  Differential  Transformer  (LVDT)  provides 
this  information. 


THEORY 


Behavior  of  the  Modes:  Before  attempting  to  invert 
the  signal  from  the  FMR  probe,  It  is  necessary  to 
consider  more  closely  the  behavior  of  the  modes. 

The  magnetic  bias  field  is  not,  In  general,  exactly 
parallel  to  the  surface.  This  Is  not  an  experimental 
requirement,  but  allowing  tilt  of  the  field  gives  one 
more  parameter  for  the  user  to  optimize.  Since  all 
dimensions  of  Interest  are  much  larger  than  an  elec¬ 
tromagnetic  wavelength  in  air  (about  30  cm),  we  use 
the  magnetostatic  approximation  throughout  our  cal¬ 
culations.  Thus,  we  write  the  external  field  of  the 
probe  as  a  superposition  of  the  fields  of  the  indi¬ 
vidual  modes 


H  -  T,  7*M  (1) 
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We  model  the  probe  as  a  system  of  oscillators 
coupled  to  the  input  line  (Fig.  5).  Then,  the  pre¬ 
sence  of  a  conducting  surface  is  equivalent  to  a 
variable  coupling  between  the  modes,  which  alters 
the  resonant  frequency  and  Q- factor  of  each  of  them. 
From  multimode  theory,5  this  coupling  can  be  calcu¬ 
lated  as  a  surface  integral  for  known  magnetic  field 
distributions 
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The  surface  of  integration  depends  on  the  flaw  geome¬ 
try,  of  course.  By  Identifying  each  significantly 
coupled  mode,  it  may  be  possible  to  reconstruct  the 
coupling  term,  and  thus  obtain  the  flaw  geometry. 

In  present  lab  set-ups,  it'is  not  possible  to  identi¬ 
fy,  monitor,  and  record  ail  modes  of  Interest.  For 
this  reason,  we  develop  in  the  next  section  some  new 
theoretical  concepts  based  on  the  general  reciproc¬ 
ity  relation  rather  than  on  the  modal  analysis  ap¬ 
proach. 


Fig.  5.  Circuit  model  of  the  FMR  system.  Each  mode 
is  modeled  as  a  resonant  element  coupled  to 
the  wire  loop,  and  the  effect  of  a  flaw  Is 
modeled  as  a  change  in  coupling  between  the 
resonators . 


486 


Electromagnetic  Field  Interaction  With  Flawed 
Conducting  Surface's--  The  past  several 'years  have 
seen  a  renewed  Interest  In  theoretical  research  on 
eddy  current  probes. We  will  use  much  of  this 
work  as  a  foundation  for  our  own  theory;  our  ulti¬ 
mate  goal  Is  to  Invert  the  crack  signature  to  ob¬ 
tain  quantitative  flaw  parameters.  The  general  ap¬ 
proach  we  will  follow  Is  applicable  to  all  eddy 
current  measurements,  although  some  features  are 
specialized  for  the  FMR  probe.  We  will  outline  the 
method  for  prediction  of  the  probe  output  from  a 
given  flaw  geometry  first,  and  then  suggest  means 
of  Inversion. 

O 

Belssner,  et  al .  have  shown  that  solutions  for 
hydrodynamic  flow  of  an  incompressible,  non-vlscous 
fluid  can  be  applied  to  electric  currents  In  conduc¬ 
tors.  Analytic  solutions  exist  for  many  special 
cases,  and  extensive  numerical  algorithms  have  been 
developed  for  the  solution  of  this  equation.  The 
solutions  we  present  here  assume  a  uniform  applied 
field,  which  Is  equivalent  to  a  uniform  far-fleld 
flow.  Although  this  approximation  is  not  In  all 
cases  realistic,  It  makes  possible  analytic  solutions 
in  both  two-  and  three-dimensional  geometries.  It  Is 
clear  from  Fig.  6  that  a  probe  with  a  uniform  Induc¬ 
tion  near  the  flaw  will  not  have  the  null  often 
found  In  standard  probes.  The  FMR  probe  operating 
with  the  bias  field  nearly  parallel  to  the  surface 
Is,  In  fact,  such  a  probe. 


EFFECT  Of  PROBE  GEOMETRY  ON  FLAW  RESPONSE 


<0)  NORMAL  PROBE 


Fig.  6.  Patterns  of  surface  eddy  currents  Induced 
by  different  probe  geometries,  (a)  Verti¬ 
cal  probe  (stnadard  eddy  current)  Induces 
currents  with  a  null  at  the  center. 

(b)  Horizontal  probe  (FMR  or  modified 
standard  eddy  current)  induces  a  uniform 
current  in  the  vicinity  of  the  probe. 


smaller  and  much  larger  than  the  flaw  dimensions 
(Fig.  7).  The  skin  depth  Is  given  by  the  formula. 


For  Al  and  steel  alloys,  6  Is  of  order  l  micron 
at  gigahertz  frequencies,  and  1  m  at  kilohertz 
frequencies.  For  flaws  with  dimensions  of  order 
1  mm,  we  see  that  low-frequency  eddy  current  methods 
are  often  described  by  the  small  flaw  approximation, 
and  FMR-eddy  current  behavior  is  described  by  the 
large-flaw  approximation.  For  microcracks,  the 
small  a/6  form  applies  to  FMR. 


Fig,  7.  (a)  Three-dimensional  view  of  currents 

Induced  when  a  «  6  .  The  flow  around 
the  flaw  depends  almost  exclusively  on 
the  flaw  area,  rather  than  on  opening, 
(b)  Same  view  of  currents  Induced  when 
a  »  6  .  The  currents  cling  to  the 
sides  of  the  flaw,  and  there  Is  strong 
dependence  on  the  flaw  opening. 

g 

Small  a/6  Approximation:  Beissner,  et  al .  have 
shown  tnat  when  the  flaw  depth  is  much  smaller  than 
the  skin  depth,  the  electric  field  obeys  the  equa¬ 
tion 

VZE  =  0  ,  (4) 

Although  this  work  was  done  In  connection  with  flux 
leakage  methods,  the  result  Is  applicable  to  eddy 
current  as  well.  In  Fig.  8,  we  Illustrate  such 
solutions  for  a  three-dimensional  void  (analogous  to 
a  nonconducting  Inclusion  or  a  widely  opened  crack) 
and  a  half-penny  shaped  crack.  A  feature  of  small - 
flaw  detection  which  becomes  immediately  apparent  Is 
that  the  magnitude  of  the  current  disturbance  Is 
dependent  primarily  on  the  area  rather  than  on  the 
volume  of  the  flaw.  For  flaw  detection  and  sizing, 
this  Implies  that  crack  opening  measurements  will  be 
extremely  difficult  to  make. 


We  consider  two  limits:  where  the  electro 
magnetic  skin  depth  In  the  test  sample  Is  much 
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(g)  LOW  ko  -  HYDRODYNAMIC  ANALOGY 
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HALF  PENNY  CRACK  STRUCTURE 


Fig.  8.  Analytic  solutions  for  the  current  flow 
around  flaws  In  the  low  and  high  a/6 
approximations,  using  the  hydrodynamic 
analogy.  Again,  dependence  on  the  flaw 
opening  In  the  low  a/6  case  Is  minimal. 

Large  a/6:  For  the  case  where  skin  depth  Is  much 
smaller  than  the  flaw  dimensions,  we  can  neglect  the 
current  normal  to  the  surface.9  We  thus  have 

(two-dim  laplaclan)  E  =  0  .  (5) 

This  Is  mathematically  Identical  to  the  problem  of 
a  two-dimensional  Incompressible^  non-vlscous  flow 
on  a  curved  surface.  Dover, etal “••('have  devised  a 
clever  means  of  unfolding  the  surface  to  reduce  the 
problem  to  a  hydrodynamic  flow  In  two  dimensions 
with  a  boundary.  It  should  be  emphasized  that  this 
Is  an  entirely  analytic  solution. 

Electromagnetic  Fields:  To  relate  the  behavior  of 
the  currents  Induced  In  the  sample  to  the  observed 
Impedance  of  the  probe,  we  consider  the  fields  near 
the  conductor.  Throughout  this  discussion,  primed 
fields  are  to  be  taken  In  the  presence  of  the  flaw, 
while  unprimed  fields  are  to  be  taken  for  the  case 
of  an  unflawed  conductor.  From  the  reciprocity 
relation  It  can  be  shown  that  the  change  of  probe 
Impedance  produced  by  a  flaw  Is 


AZ  =  -jr  /  (Ex  H'  -  E'  x  H)  dS  .  (6) 

1  S 

F 

Note  that  the  surface  of  Integration  Is  over  any 
volume  containing  the  flaw;  therefore,  only  changes 
between  the  primed  and  unprimed  fields  need  to  be 
taken  Into  account  when  evaluating  the  Integral; 
changes  In  geometry  appear  only  In  the  fields. 

For  the  high  a/6  case  we  use  the  plane  of  the 
unflawed  conductor  as  the  surface  of  Integration. 

We  then  have  three  regions  to  Integrate  over:  to 
the  right  and  left  of  the  flaw,  and  over  the  flaw 


opening.  The  normal  vector  to  the  surface  of  Inte¬ 
gration  is  In  the  z-dlrectlon.  H  Is  assumed  to 
lie  In  the  y-z  plane.  This  permits  us  to  write  the 
cross  product  In  the  AZ  formula  as 

(ExH)-n  -  Ex  Hy  ,  (7) 

from  which  we  are  able  to  write  for  a  two-dimensional 
crack 


l"l  f 

t3.  -  J  (e;  -  Ex)  dx  (8) 


where  x  is  normal  to  the  crack  line.  Further 
development  leads  to  the  formula 


which  directly  relates  the  change  In  Impedance  due 
to  the  flaw  to  the  crack  opening  displacement. 

Here,  Au  is  the  crack  opening  displacement,  a  Is 
the  depth  of  the  flaw,  p  Is  the  frequency  of  op¬ 
eration,  6  Is  the  skin  depth,  I  Is  the  current 
In  the  loop,  and  0.28  Is  a  geometrical  factor. 

This  simple  Inversion  formula  discards  much 
Information,  since  the  physical  model  used  does 
not  allow  for  three-dimensional  cracks  or  nonuniform 
Induction  by  the  probe;  It  also  dots  not.  attempt  to 
describe  the  detailed  behavior  of  the  probe  as  It  Is 
scanned  over  the  flaw.  Far-reaching  conclusions  can, 
however,  be  drawn  from  this  model,  *s  will  be  seen. 


For  the  low  a/6  case,  a  similar  formula  Is 
obtained , 


Note  that  In  both  formulae,  the  dependent^  on  crack 
opening  grows  linearly  with  frequency  .  This  im¬ 
plies  that  to  see  crack  opening,  H  Is  necessary  to 
use  a  high-  frequency  probe. 

The  reciprocity  relation  also  leads  to  a  simple 
three-dimensional  Inversion  solution  for  a  semi¬ 
circular  surface  crack  In  the  low  a/6  limit  which 
bears  a  remarkable  resemblance  to  the  low-ka  scat¬ 
tering  formula  for  acoustic  Rayleigh  wave  scatter¬ 
ing.1!  The  formulae  for  the  reflection  coefficient/ 
Impedance  change  are 

AZ  =  -V  f  A<(>  j  j  n  dS 

1 7  J. 

SF 

AT  =  ^  f  Au  •  l  •  n  dS 
SF 

Note  that  r  and  Z  are  related  by  the  formula 


Here,  A$  Is  the  electric  potential  across  the 
flaw,  and  j  Is  the  electric  current  density.  Au 
Is  the  crack  opening  displacement,  and  T  Is  the 
acoustic  stress.  In  both  formulae,  the  leading 
multiplicand  accounts  for  the  power  Input  to  the 
probe/transducer.  The  electric  potential  across 
the  crack  and  the  crack  opening  displacement  are 


(electromag.)  (Ue) 
(acoustic)  ,  (11a) 
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given  by 


A*  *  2jof  I  (a2  -  r2)*5 

(He) 

Au  ,  2Tii^(a2.r2)^ 

(13a) 

crack  to  be  stressed  open  for  visibility,  the  probe 
easily  detects  and  maps  the  flaw  even  when  tightly 
closed.  Computer  programs  are  now  In  the  develop¬ 
ment  phase  to  provide  maps  with  better  lift-off 
discrimination,  close  correlation  to  actual  flaw 
depth,  and  higher  resolution. 


where  r  Is  the  radius  of  the  semicircular  crack. 

An  Important  parameter  for  stress  analysis  Is  the 
stress  Intensity  factor,  given  by11 

kI  -  2#  •  (14) 

The  Inversion  formulae  for  the  stress  Intensity 
factors  are 


AZ  ~ 

*!(*) 

,  0  V 

(15e) 

AT  ~ 

*Hv) 

• 

(15a) 

Again,  the  formulae  are  almost  Identical,  except 
that  acoustic  stress  replaces  the  current  density, 
and  Au  ,  the  crack  opening  displacement,  replaces 
the  potential  across  the  flaw.  This  result  Is  not 
surprising  when  nne  compares  the  overall  physical 
configuration  of  the  two  probes  involved  (Fig.  9). 


Fig.  10.  Typical  FMR  flaw  signature.  The  trace 

has  been  rotated  so  that  lift-off  response 
Is  horizontal  (nearly  straight  portion). 
The  flaw  response  Is  a  loop.  Separation 
of  the  vertical  channel  gives  a  signal  de¬ 
pendent  only  on  the  presence  of  the  flaw 
(lift-off  independence). 


Fig.  9.  Comparison  of  geometries  for  low  ka 
detection  In  ultrasonic  surface  wave 
detection  scheme  and  for  eddy  current. 

Although  this  case  will  only  arise  for  micro¬ 
cracks  when  using  the  FMR  probe.  It  provides  a  use¬ 
ful  Inversion  method  for  low  frequency  eddy  current 
testing. 

Signal  Interpretation;  A  typical  flaw  signature  is 
shown  In  Fig.  10.  To  obtain  this  trace,  the  offset 
controls  are  used  to  center  the  probe  response  on 
the  CRT.  Gain  is  then  increased,  and  the  probe  Is 
mechanically  scanned  over  the  sample,  Lift-off  Is 
25-  50  microns,  and  Is  maintained  as  constant  as 
possible.  The  trace  moves  back  and  forth  along  the 
lift-off  curve  due  to  small  variations  In  the  verti¬ 
cal  position  of  the  probe  relative  to  the  surface. 
The  loop  occurs  as  the  probe  passes  over  the  flaw. 

To  generate  a  "map"  of  the  surface,  the  dis¬ 
play  Is  electronically  rotated  so  that  the  lift-off 
curve  is  as  nearly  as  possible  parallel  to  the  hori¬ 
zontal  direction.  Then  the  response  In  the  vertical 
direction  (perpendicular  to  lift-off)  is  plotted 
against  the  LVDT  output.  The  operator  monitors 
lift-off  via  the  horizontal  channel.  A  typical 
response  to  a  fatigue  crack  in  Aluminum  alloy  Is 
shown  In  Fig.  11,  together  with  an  optical  micro¬ 
graph  of  the  crack.  Note  that  the  probe  response 
matches  the  photograph  In  overall  features,  but  Is 
Insensitive  to  surface  scratches  which  clutter  the 
optical  picture.  Although  photography  required  the 


5*  -w,  — , 


Fig.  11.  Comparison  of  a  "map"  of  the  area  near  the 
tip  of  a  flaw,  generated  by  plotting  flaw 
response  against  position,  with  a  photo¬ 
graph  of  the  same  flaw.  The  map  Is  insen¬ 
sitive  to  scratches,  but  shows  the  crack, 
clearly,  The  flaw  was  stressed  open  to 
make  It  visible  In  the  photograph. 

The  actual  modal  structure  of  each  Individual 
probe  depends  critically  on  the  strength,  orientation, 


and  uniformity  of  the  magnetic  field  provided  by  the 
external  magnet;  It  Is  also  dependent  on  tiie  shape 
of  the  coupling  loop,  and  Its  orientation  with  re¬ 
spect  to  the  crystal  structure  of  the  YIG.  This 
large  number  of  variables  offers  almost  unlimited 
possibilities  for  the  optimization  of  probes  for 
specific  sample  geometries. 

More  Information  Is  extracted  from  the  signal 
by  considering  the  two-dimensional  trace,  rather 
than  the  "separated"  flaw  signal.*2  At  present, 
this  Is  on  an  entirely  empirical  basis;  numerical 
evaluation  requires  more  theoretical  development  of 
the  probe  behavior. 

Comparison  With  Standard  Eddy  Current  Tester:  We 
have  compared  several  aspects  of  the  FMR  probe  per¬ 
formance  with  that  of  a  commercial  tester.  By 
calibrating  the  actual  Impedances  of  the  two  iwobes, 
we  compare  sensitivity  to  tightly  closed  fat<gue 
cracks  and  to  saw  cuts  In  6065  Aluminum  alloy  (Figs. 
12(a)  and  (b)).  As  expected  from  Eq.  (1),  the  FMR 
prooe  Is  much  more  sensitive  to  opening  of  a  rlaw. 
Whereas  the  responses  of  the  two  probes  are  almost 
the  same  for  a  fatigue  crack,  the  FMR  signals  for 
the  saw  cut  (which  Is  electrically  very  similar  to 
a  widely  opened  fatigue  crack)  is  more  than  20  times 
as  large! 

As  outlined  above,  theory  predicts  that  the  de¬ 
pendence  of  the  signal  on  flaw  opening  varies  linear¬ 
ly  with  frequency  (see  Eq.  (9)).  Thus,  the  FMR  probe 
Is  much  more  sensitive  to  crack  opening  by  virtue  of 
Its  high  frequency  of  operation.  This  is  especially 
important  in  fracture  mechanics  experiments. 

The  spatial  resolution  of  the  FMR  prob^  Is  also 
much  higher  than  that  of  the  standard  eddy  current 
probes  tested  (Fig.  13).  A  trial  with  a  high- 
resolution  differential  probe  gives  somewhat  Im¬ 
proved  results,  although  the  differential  nature  of 
the  probe  tends  to  obscure  the  response;  resolution 
of  the  device  examined  was  still  much  less  than  FMR. 
The  FMR  probe  Is  much  easier  to  produce  than  any  low- 
frequency  probe  we  know  of  which  approaches  Its 
resolution. 

A  situation  commonly  encountered  in  NDE  is  a 
crack  at  a  corner  or  edge.  Often,  special  eddy 
current  probes  are  designed  for  this  type  of  detec¬ 
tion,  since  the  coupling  to  the  sample  decreases  as 
one  approaches  the  edge.  This  effect  is  also  present 
In  the  FMR  probe.  The  use  of  smaller  (higher  spa¬ 
tial  resolution)  probes  enables  us  to  see  an  edge 
crack  1.7  mm  by  0.5  mm  In  a  T1  alloy  bar  (Fig.  14). 
This  crack  Is  particularly  Interesting  because  It 
was  not  Intentionally  Initiated.  The  other  feature 
in  the  map  has  no  optical  counterpart  in  micro- 
photographs  of  the  flawed  region;  we  speculate  that 
It  may  be  a  subsurface  Inclusion  related  to  the  ini¬ 
tiation  of  the  edge  crack. 
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Fig.  12.  Low  frequency  and  FMR  responses  to  crack 
opening.  The  low  frequency  signal  Is 
almost  the  same  for  a  fatigue  crack  and 
a  saw  cut,  while  the  FMR  signal  for  the 
saw  cut  is  20  times  larger! 


Fig.  13.  Spatial  resolution  of  a  typical  low- 

frequency  probe  operating  at  1  MHz,  and 
the  FMR  probe.  The  sample  was  an  aluminum 
bar  with  slots  cut  0.02"  apart.  The  low- 
frequency  probe  totally  falls  to  resolve 
the  slots. 
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Fig.  14.  "Map",  generated  In  the  same  way  as  In 
Fig.  11,  of  an  edge  crack  in  a  Ti  alloy 
bar.  The  flaw,  with  dimensions  1.7  mm 
long  by  0.5  n«n  deep  as  measured  by  micro¬ 
scope,  Is  clearly  visible, 

APPLICATIONS 

The  primary  advantages  of  this  type  of  probe 
over  other  NDE  methods  are: 

1)  Accessibility  to  confined  areas  of  complex 
geometries:  Probes  can  be  made  smaller 
than  1  mm  in  diameter. 

2)  Probes  are  sensitive  to  small  flaws,  and 
give  quantitative  flaw  parameters.  Spa¬ 
tial  resolution  is  high. 

Thus,  the  primary  application  Is  in  the  testing  of 
complex  nonmagnetic  parts;  these  are  typically  found 
in  aircraft  turbine  engines,  The  probe  has  proven 
its  usefulness  as  a  means  of  studying  fracture 
mechanics  In  the  laboratory. 12  Yet  another  poten¬ 
tial  application1^  would  be  as  a  proximity  tester. 
Because  the  probe  is  scanned  mechanically,  its  Ideal 
environment  Is  In  a  computer-controlled  robot  system, 
where  precision  positioning  and  signal  interpretation 
would  be  performed  by  the  same  computer, 
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SUMMARY  DISCUSSION 


Jim  Martin,  Chairman  (Science  Center);  Thank  you  very  much,  Frank.  Those  are  pretty  results. 

Are  there  any  questions? 

Frank  Muennemann  (Stanford  University):  We’ll  take  theoretical  questions. 

Amrlt  Sagar  (Westlnghouse  Electric);  Talking  about  resolution,  have  you  tried  current  density  probes  at 
low  frequencies?  Because  I'm  surprised  the  resolution  you  show  Is  not  very  good. 

Frank  Muennemann;  The  two-megahertz  probe  we  used  was  one  which  was  especially  designed  for  GE.  It's  a 
differential  probe  which  has  two  colls  very  tightly  wound.  It  was  designed  for  high 
resol utlon. 

Amlt  Sagar:  The  other  question  Is:  How  close  to  the  boundaries  can  you  pick  up  the  cracks? 

Frank  Muennemann;  The  crack  In  the  tltanlun  was  directly  at  the  edge.  It  Is  primarily  because  we  have 
a  small  probe  that  we  can  see  this  crack.  It  Is  only  1.7  millimeters  long;  we  can  detect  flaws 
correctly  up  to  an  Inch. 

Amlt  Sagar:  Supposing  we  have  a  cube  and  the  crack  Is  close  to  the  edge  of  the  cube.  Can  you  pick  It 
up? 

Frank  Muennemann:  Yes,  we  can  pick  It  up. 

Unidentified  Speaker:  You  said  your  nearest  scan  was  15  millimeters  from  the  edge? 

Frank  Muennemann:  Yes. 

A1  Banr  (SRI):  Do  you  every  let  your  probe  touch  the  surface  as  you  scan,  or  does  that  Introduce  a  lot 
of  noise? 

Frank  Muennemann:  Yes,  It  does  touch  the  surface  during  the  scan.  Actually  w  use  It  as  a  means  of 

calibrating  the  lift  off.  When  the  probe  touches  the  flaw  there  Is  a  slight  deformation  since 
It  Is  set  In  epoxy.  A  fairly  large  signal  results.  You  cannot  let  the  probe  actually  drag  on 
the  surface. 

Jim  Martin,  Chairman:  One  more  question  and  I  would  like  to  move  on. 

Bill  Reynolds  (AERF.  Harwell):  Have  you  thought  of  using  this  probe  for  examining  carbon  fibre 
reinforced  plastic? 

Frank  Muennemann:  We  thought  of  It.  We  do  not  have  any  samples  at  the  moment.  However,  It  should  be 
pointed  out  that  this  will  work  best  In  high  conductivity  materials. 

Bill  Reynonds:  Low  frequency  eddy  current  probes  are  usable  In  FRP. 

Frank  Muennemann:  That  might  be  encouraging. 

Jim  Martin,  Chairman:  Thank  you,  Frank. 
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MEASUREMENT  Of  SUIll  ACI  CRACK  OPCNINfi  DISPEACCMENTS 
USING  MICROWAVE  FREQUENCY  EDDY  CURRENTS 


M.I  .  Resell,  P.  Muennemann,  B.A.  Atild,  P.  Winslow,  and  J.C.  Shyne 
Stanford  University 
Stanford,  California  94305 


ABSTRACT 


An  electromagnetic  NDE  technique  for  measuring  the  crack  ooening  displacement  of  surface  fatigue 
cracks  is  described.  A  ferromagnetic  resonance  probe  utilizing  yttrium-iron-garnet  was  used  to  induce 
eddy  currents  in  an  aluminum  plate.  The  crack  opening  displacement  of  a  semi-elliptical  fatigue  crack 
evaluated  at  the  surface  was  measured  optically  at  several  values  of  bending  stress  on  the  specimen.  A 
technique  is  presented  which  allows  the  crack  depth  to  be  calculated  from  the  measured  COD  at  a  qiven 
stress.  The  relative  phase  and  magnitude  of  input  vs.  output  signal  to  and  from  the  resonating  YIG 
sphere  was  recorded  during  the  interaction  of  the  FMR  probe  eddy  currents  and  the  fatique  crack.  A 
method  is  shown  to  extract  quantitative  information  from  these  signals  and  to  correlate  this  information 
with  the  crack  opening  displacement. 


INTRODUCTION 


We  describe  here  a  new  microwave  frequency  ; 
eddy  current  technique  for  nondestructive  evalua-. 
tion  of  the  surface  crack  opening  displacement  of 
fatigue  cracks.  The  flaw  type  treated  in  this 
paper  consists  of  a  flat,  semi-elliptical  shaped 
crack  in  a  2024  aluminum  plate.  The  procedure  is 
to  induce  eddy  currents  to  flow  in  the  vicinity  of 
an  open  fatique  with  a  ferromagnetic  resonance 
probe,  anu  to  measure  the  changes  in  the  probe's 
reflection  coefficient  as  the  probe  is  translated 
across  the  crack.  These  measurements  are  performed 
at  a  frequency  ot  approximately  one  Gegahertz  so 
that  the  skin  depth  of  the  eddy  currents  will  be 
small  relative  to  the  magnitude  of  the  crack  open¬ 
ing  displacement. 

The  combined  effects  of  the  uniform  precession 
and  higher  order  magnetostatic  modes  excited  in 
the  yttrium-iron-garnet  sphere  induce  eddy  currents 
near  the  surface  of  the  specimen.  The  presence  of 
the  open  crack  disrupts  these  patterns,  and  couples 
the  crack  electronically  with  the  resonance  in  the 
YIG  sphere.  This  coupling  is  seen  to  change  as  the 
sphere  is  translated  across  an  open  surface  crack, 
in  a  direction  along  the  normal  to  the  crack  plane. 
The  change  in  coupling  produces  changes  in  the 
probe's  reflection  coefficient.  As  the  probe  scans 
an  open  crack,  the  changes  in  reflection  coeffi¬ 
cient  are  recorded  on  a  Smith  chart.  During  a  scan, 
these  changes  produce  a  closed  figure  which  is  re¬ 
producible,  and  rich  in  geometric  information. 

The  quantified  information  obtained  from  this  type 
of  scan  varies  linearly  with  the  optically  measured 
surface  crack  opening  displacement.  Additionally, 
changes  in  the  probe  reflection  coefficients  are 
seen  to  give  valuable  information  concerning  the 
crack  closure  stress  of  surface  fatigue  cracks. 

MEASUREMENT  OF  CRACK  OPENING 


We  define  the  surface  crack  opening  displace¬ 
ment  as  Auz(0,0)  where  subscript  z  indicates  the 
displacement  across  the  crack  faces  in  the  z  direc¬ 
tion  evaluated  at  (x,.y)  =  (0,0).  See  Fig.  1. 

'  Additionally,  we  adopt  the  notation  for  a  =  crack 
depth,  and  c  ~  crack  half-width.  The  crack  resides 
in  a  t,  in.  thick  by  2‘..  in.  wide  bar  of  2024  alumi¬ 
num  which  is  loaded  in  three  point  bending  by  an 


Fig.  1  Crack  coordinate  system. 

MTS  System  810  servoh.ydraul  ic  testing  machine.  In 
this  paper,  we  will  refer  to  stress  o  as  the  maxi¬ 
mum  tensile  stress  evaluated  at  the  surface  of  the 
beam  at  (x,y,z)  *  (0,0,0). 


A  ferromagnetic  resonance  probe  with  a  30  mil 
YIG  sphere  is  prepared  to  measure  crack  opening  in 
the  following  manner.  The  probe  is  positioned 
above  the  aluminum  surface  with  a  lift-off,  h=25 


microns.  See  Fig.  2.  An  input  signal  with  a  center 
frequency  of  approximately  one  Gigahertz  with  a 
sweep  range  of  100  Megahertz  is  applied  at  the 
terminals  of  the  loop  of  wire  surrounding  the  YIG 
sphere.  A  samarium-cobalt  magnet  is  placed  near 
the  sphere  to  apply  a  DC  bias  magnetic  field.  In 
Fig.  3,  we  see  the  Smith  chart  response  of  the 
probe  in  this  configuration,  where  the  radial  dis¬ 
tance  from  the  diagram  center  indicates  the  magni¬ 
tude  of  the  reflection  coefficient  |r|,  and  0  is 
the  phase  angle  between  the  incident  and  reflected 
signals.  The  large  loop  indicates  the  excitation 
of  the  uniform  precession  which  behaves  like  a 
magnetic  dipole.  The  smaller  loop  indicates  the, 
excitation  of  a  higher  order  magnetostatic  mode, 
which  may  alternatively  be  modeled  as  a  multipole. 


Fig.  3  Smith  chart  showing  uniform  precession 
with  higher  order  resonance. 

The  electronic  modeling  of  the  coupling  between 
these  modes  is  presented  in  detail  in  a  companion 
paper  by  Auld  et  al  with  the  probe  adjusted 
so  that  a  higher  order  resonance  is  near  the  fre¬ 
quency  of  the  uniform  precession,  we  adjust  the 
input  frequency  to  the  center  frequency  of  the 
uniform  precession.  At  this  fixed  frequency  we 
place  the  probe  over  an  open  fatigue  crack  a  dis¬ 
tance  h  from  the  surface.  See  Fig.  4.  In  our 
tests  we  set  the  lift-off,  h,  to  25  microns.  At 
this  value  of  lift-off  the  probe  is  placed  approxi¬ 
mately  10  mils  from  the  crack.  The  probe  is  then 
translated  over  the  crack  at  5  mils/sec  until  the 
probe  is  past  the  crack  by  10  mils.  During  this 
translation,  the  fixed  frequency  reflection  coeffi¬ 
cient  of  the  FMR  probe  is  recorded  on  a  x-y 
recorder.  See  Fig.  5.  This  figure  shows  the  fea¬ 
tures  of  a  crack  signature  obtained  from  a  scan  of 
an  open  fatigue  crack.  The  lift  off  curve  is 
obtained  by  translating  the  probe  vertically  above 
the  crack  from  the  surface  to  75  microns  above  the 
surface.  Then  at  a  near  constant  value  of  25  mi¬ 
crons  of  lift-off,  during  lateral  translation  of 
the  probe,  the  double  loop  pattern  is  traced  out  as 
the  reflection  coefficient  varies.  We  have  found 
that  the  presence  of  the  primary  loop  corresponds 
to  presence  of  the  fatigue  crack,  regardless  of 
whether  the  crack  is  open  or  not.  The  secondary 
loop  has  been  found  to  correspond  to  the  amount 
the  c.vck  faces  are  displaced  due  to  the  applied 


stress.  Since  the  total  size  of  the  primary  and 
loops  changes  somewhat  for  variations  in  liftoff, 
we  normalize  the  crack  signature  by  computing  a 
figure  of  merit  which  we  tall  the  loop  ratio  for 
each  value  of  crack  opening.  This  ratio  is  simply 
the  amplitude  of  the  secondary  loop  divided  by  the 
amplitude  of  the  primary  loop. 


Fig.  4  YIG  sphere  of  FMR  probe  above  open  fatigue 
crack. 


Fig.  5  Crack  signature  with  primary  and  secondary 
loops  identified. 

In  Fig.  6  we  see  the  crack  signature  obtained 
from  a  fatigue  crack  at  three  different  values  of 
bending  stress.  At  zero  stress,  the  crack  is  com¬ 
pletely  closed,  and  we  see  only  the  primary  loop. 

At  50  MPa  the  crack  has  opened  only  about  1  micron, 
and  the  secondary  loop  just  begins  to  form.  At 
150  MPa,  the  crack  has  opened  20  microns,  and  we 
see  here  a  fully  developed  secondary  loop.  On  a 
crack  with  c=230  mils,  we  measured  the  loop  ratio 
at  10  values  of  bending  stress  ranging  from  0  to 
250  MPa  (Fig.  7).  The  loop  ratio  remains  at  zero 
until  we  reach  a  stress  of  30  MPa.  It  then  jumps 
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Here  we  see  that  the  loop  ratio  varies  in  a  non¬ 
linear  manner  with  increasing  crack  opening  up  to 
an  opening  of  approximately  10  microns'.  After  the 
crack  opens  this  amount,  the  loop  ratio  varies 
linearly  with  increasing  crack  opening.  We  believe 
that  the  nonlinear  behavior  of  the  loop  ratio  dur¬ 
ing  the  initial  stages  of  the  crack  opening  is 
caused  by  the  crack  closure  phenomenon.  More  speci¬ 
fically  as  increasing  bending  stress  is  applied 
the  distribution  of  residual  stress  on  the  adjacent 
crack  faces  causes  the  crack  to  "peel  open,"  start¬ 
ing  at  the  surface.  During  this  nonlinear  opening 
event,  the  effective  crack  length  of  the  fatigue 
crack  changes  with  changing  stress.  Here  the 
effective  length  is  defined  as  the  distance  below 
the  surface  to  where  the  adjacent  crack  surfaces 
just  begin  to  touch. 

ESTIMATION  OF  CRACK  DEPTH  FROM  CRACK  OPENING 

o 

Kobayashi  has  calculated  the  normalized 
crack  opening  displacement  at  the  origin,  Auz(0,0), 
of  semi-elliptical  shaped  surface  cracks  in  a 
finite  depth  plate  under  pure  bending.  In  Fig.  10 
we  show  how  this  result  may  be  replotted  to  show 
how  the  normalized  crack  opening  Auz(0,0)/ac  •  G  , 
may  be  plotted  as  a  function  of  crack  depth  at  con¬ 
stant  crack  width.  Here  G  is  the  shear  modulus, 
and  Auz(0,0),  a  and  c  have  been  defined  previously. 
An  estimation  of  the  depth  of  an  arbitrary  ellipti¬ 
cal  crack  may  be  made  then  by  optically  measuring 
the  crack  half  width,  applying  a  known  bending 
stress,  and  measuring  the  COD  at  the  crack  center. 
For  the  sample  upon  which  COD  vs.  stress  measure¬ 
ments  were  taken  for  this  work,  we  estimated  the 
crack  depth  at  a  =  192  mils. 


that  the  true  crack  depth  was  a  =  200  mils.  This 
results  In  an  error  of  only  4%. 

CONCLUSIONS 

The  electromagnetic  NDE  technique  utilizing 
microwave  frequency  eddy  currents  has  been  shown 
to  be  effective  in  the  detection  of  a  closed  sur¬ 
face  crack  opening  displacement  of  a  surface  fa¬ 
tigue  crack  in  a  body  subjected  to  three  point 
bending.  For  the  probe  geometry  described  in  this 
work,  changes  in  the  probe's  complex  impedance 
were  correlated  to  the  presence  of  crack  opening 
displacement  during  translation  of  the  FMR  probe 
over  an  opened  fatigue  crack.  Additionally,  the 
Smith  chart  response  of  the  interaction  between 
the  probe  and  a  fatigue  crack  is  found  to  be  rich 
in  geometric  information,  allowing  quantization  of 
the  probe  signal. 
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Fig.  10  Normalized  crack  opening  vs.  crack  aspect 
ratio  at  constant  value  of  crack  half¬ 
width.  c = 230  mils,  with  speciment  thick¬ 
ness  =  500  mils. 

After  COD  vs.  stress  measurements  were  com¬ 
pleted  on  the  sample  in  question,  the  specimen 
was  cut  in  half,  and  polished  and  etched  to  reveal 
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SUMMARY  DISCUSSION 


Jim  Martin,  Chairman  (Rockwell  Science  Center):  Are  there  any  questions? 

James  Goff  (Naval  Surface  Weapons  Center):  I  suppose  this  was  all  done  on  clean  surfaces. 

Michael  Resch  (Stanford  University):  They  were  metal lurgi cal ly  prepared. 

James  Goff:  What  if  some  sort  of  dirt  has  gotten  In  the  cracks,  like  some  sort  of  Insulating  penetrant. 

Michael  Resch:  That  won't  hurt  us,  because  there  Is  already  aluminum  oxide  film  In  the  open  crack  that 
is  there.  So  if  there  was  some  dirt  In  there,  I  don't  think  it  would  effect  us  at  all. 

Frederick  Vaccaro  (The  Timken  Company):  Regarding  this  question  about  an  oxide  In  the  crack  or  dirt  In 
the  crack:  How  does  the  crack  opening  displacement,  then,  result  In  the  variation?  Are  you 
actually  having  current  transfer  through  the  crack? 

Michael  Resch:  No,  It  Is  passing  around  the  crack.  What  I  tried  to  show  is  that  the  change  in 

Impedance  is  really  a  function  of  the  open  volume  underneath  the  probe.  There  was  a  term  that 
had  the  permeability  times  the  crack  depth  times  the  opening  over  two.  That  is  really 
permeability  times  the  area  of  the  open  crack.  But  it  is  measured  per  unit  length;  for  a 
three-D  crack. 

Dick  Barry  (Lockheed  Missiles  and  Space):  I  hate  to  keep  riding  the  same  horse,  but  how  did  you  measure 
the  crack  depth? 

Michael  Resch:  We  cut  it  in  half,  polished  it,  and  etched  it  after  we  were  finished  with  all  of  our 
runs. 

Dick  Barry:  One  ot  the  reasons  I  bring  this  up  is  I  have  done  this.  The  bottom  of  cracks  are  not 

always  nice  and  uniform,  and  unless  you  go  through  a  number  of  different  steps  in  your 

polishing  you  may  not  find  the  maximum.  This  may  be  a  region  of  error  you  may  want  to  look 
into.  It  may  be  the  average  you're  measuring  rather  than  the  absolute  maximum  depth. 

Michael  Resch:  That't  a  good  point. 

Boro  Djordjevic  (Martin  Marietta  Laboratories):  You  listed  25  microns  as  your  lift-off.  How  critical 
is  it  and  how  producible  is  it? 

Michael  Resch:  We  have  performed  experiments  of  comparison  showing  how  the  crack  signature  changes  at  a 
function  of  lift  off.  And  it  turns  out  by  nonriallzlng  the  loop  ratio,  the  L2  over  LI,  we  can 
keep  it  near  25  microns.  During  the  test,  we  can  sometimes  have  variations  of  10  to  15  microns 
difference  in  height.  We  found  that  that  changes  the  loop  ratio  at  a  given  crack  opening  depth 
by  less  than  20  percent.  So  to  the  first  order,  the  loop  ratio  is  relatively  insensitive  to 
errors  in  lift  off. 

Ross  Weglein  (Hughes  Aircraft  Company):  Eddy  current  skin  depth  is  a  function  of  the  frequency.  If  the 
crack  were  In  fact  closed,  how  close  to  the  surface  could  it  be  for  you  to  still  show  a 
detectable  loop? 

Michael  Resch:  The  skin  depth  at  a  gigahertz  is  several  microns.  We  do  see  a  tightly  closed  crack  at 

that  size.  The  limit  Is  not  intuitively  obvious  to  me.  However,  in  general,  if  the  crack  is 

greater  than  the  skin  depth,  I  would  predict  we  would  see  something. 

Ross  Weglein:  As  a  function  of  skin  depth? 

Michael  Resch:  Yes. 

Jim  Martin,  Chairman:  If  there  are  no  more  questions,  we  will  proceed. 
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ABSTRACT 

The  objective  of  this  research  program  is  to  develop  microwave  scattering  techniques  for  obtaining 
quantitative  information  about  the  characteristic  dimensions  of  surface  cracks  in  metals.  Work  carried 
out  during  the  past  year  has  emphasized  experimental  techniques.  The  use  of  an  IF  bridge  and  a  near¬ 
field  dielectric  probe  to  improve  the  sensitivity  of  our  100-GHz  eddy-current  measurement  system  is 
described.  The  results  of  measurements  made  on  fatigue  cracks  in  2024-T3  aluminum  using  this  improved 
system  also  are  presented.  The  interpretation  of  these  data  to  provide  information  about  crack  depth  is 
explained  in  terms  of  a  simple  model.  Finally,  a  theoretical  approach  for  modeling  the  scattering  from 
el  1  i pti cal ly  shaped  cracks  is  outlined. 

INTRODUCTION 


In  the  low-frequency  eddy-current  testing  of 
metals,  currents  are  caused  to  flow  in  a  test  speci¬ 
men  by  placing  it  in  the  magnetic  field  of  an  induc¬ 
tion  coil.  The  flow  of  currents  is  affected  by  the 
electrical  properties  and  shape  of  the  test  speci¬ 
men,  and  by  the  presence  of  discontinuities  and  de¬ 
fects.  In  turn,  these  currents  react  on  the  ex¬ 
citing  coil  and  affect  its  impedance.  Thus,  the 
presence  of  a  defect  is  determined  by  monitoring 
the  test  coil  impedance. 

Such  eddy-current  tests  are  conducted  typically 
at  frequencies  of  less  than  1  MHz,  where  induction 
fields  predominate  and  the  electromagnetic  wave¬ 
length  is  greater  than  200  m.  However,  in  quanti¬ 
tative  NDE,  where  it  is  desired  to  obtain  the  defect 
dimensions  from  an  analysis  of  the  measured  data, 
the  use  of  such  low  frequencies  does  not  provide  the 
degree  of  sensitivity  to  changes  in  defect  dimensions 
that  is  necessary  for  obtaining  an  accurate  determi¬ 
nation  of  these  dimensions  from  an  inversion  of  the 
eddy-current  data.  The  problem  of  obtaining  suffi¬ 
cient  accuracy  becomes  more  difficult  as  the  flaws 
become  smaller. 

This  problem  would  be  alleviated  if  higher  fre¬ 
quencies  were  used  in  eddy-current  inspection.  Thus, 
the  work  reported  here  addresses  the  possibility  of 
conducting  eddy-current  measurements  in  the  micro¬ 
wave-frequency  regime  (1  GHz  to  100  GHz).  Previous 
work1’2*  using  frequencies  in  the  range  10  GHz  to 
30  GHz  has  shown  that  good  sensitivity  to  small 
cracks  can  be  obtained,  and  that  a  clear  correlation 
exists  between  crack  depth  arid  the  detected  signal. 

In  using  microwave  frequencies,  the  radiation 
fields  associated  with  the  sensors  become  an  impor¬ 
tant  consideration,  and  the  physics  involved  is  best 
described  in  terms  of  fields  and  waves.  For  example, 
a  defect  should  be  thought  of  as  producing  a  change 
in  the  scattering  of  electromagnetic  waves  from  the 
metal  surface.  It  should  also  be  noted  that  since 
microwave  frequencies  cause  currents  induced  in  the 
test  object  to  flow  essentially  on  the  surface 
(i.e.,  the  skin  depth  is  typically  less  than  3  nm  at 
100  GHz),  microwave  eddy-current  techniques  for 


testing  of  metals  are  limited  to  surface  inspection, 
e.g.,  to  detection  and  characterization  of  surface¬ 
breaking  cracks. 

Work  carried  out  in  the  first  two  years  of  this 
program  has  resulted  in  a  significant  improvement  in 
our  understanding  of  microwave  eddy-current  testing, 
and  of  eddy-current  testing  in  general.  We  have  de¬ 
veloped  a  theoretical  model  for  the  far-field  back- 
scattering  from  a  rectangular  slot  in  a  metal  plate, 
and  calculations  using  this  model  were  found  to  be 
in  good  agreement  with  measurements  made  at  100  GHz. 
Given  the  cross-sectional  dimensions  of  the  slot, 
we  were  able  to  estimate  slot  depths  accurately  from 
single-frequency  measurements. 

Work  carried  out  in  the  past  year  has  emphasized 
the  impr'-vement  of  experimental  techniques  and  the 
measurement  of  actual  fatigue  cracks.  Recent  im¬ 
provements  in  our  100-GHz  eddy-current  measurement 
system,  and  the  results  of  measurements  carried  out 
using  this  system,  are  described  in  this  report. 

Also,  a  theoretical  method  of  analyzing  the  scatter¬ 
ing  from  el  1 i pti cal ly  shaped  cracks  is  outlined. 

MICROWAVE  EDDY-CURRENT  SYSTEM 

The  100-GHz  eddy-current  system  that  we  have 
developed  was  described  in  last  year's  annual  re¬ 
port.  In  that  system,  we  realized  a  microwave 
bridge  using  an  orthomode  coupler  for  minimizing  the 
backscattered  signal  produced  by  an  unflawed  flat, 
metal  plate.  An  orthomode  coupler  is  a  microwave 
component  which  transmits  a  linearly  polarized  wave 
traveling  in  the  forward  direction  (from  the  source 
to  the  probe)  and  couples  out  an  orthogonally  polar¬ 
ized  wave  traveling  in  the  backward  direction  (from 
the  probe  to  the  receiver).  A  crack  can  be  detected 
by  such  a  system  because  a  crack  converts  part  of 
the  incoming  wave  to  the  orthogonally  polarized 
wave,  while  a  perfectly  aligned  flat  plate  does  not. 
Background  rejection  achieved  in  this  way  (polariza¬ 
tion  filtering)  does  not  depend  on  the  distance  be¬ 
tween  the  probe  and  the  plate,  and  thus  is  analogous 
to  the  behavior  of  the  differential  probe  that  is 
widely  used  in  low-frequency  eddy-current  testing. 


*References  are  listed  at  the  end  of  the  report. 
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Unfortunately,  no  component  is  perfect,  and  it 
proved  very  difficult  to  achieve  more  than  30  dB  of 
rejection  using  the  orthomode  coupler  augmented  by 
tuning  screws.  Also,  the  tuning  screws  could  not  be 
made  small  enough  in  terms  of  a  wavelength  at  100 
GHz,  and  so  the  tuning  they  provided  was  relatively 
coarse  and  difficult  to  repeat.  For  these  reasons, 
we  decided  to  modify  the  system  so  that  the  back¬ 
ground  signal  could  be  cancelled  after  the  signal 
had  been  down-converted  to  3  kHz,  where  we  expected 
that  the  desired  amount  of  background  rejection 
could  be  obtained  more  easily.  A  minor  disadvantage 
of  this  type  of  scheme  is  that  the  nulling  is  depen¬ 
dent  on  the  distance  between  the  probe  and  the  metal 
surface. 

A  block  diagram  of  the  modified  measurement  sys¬ 
tem  is  shown  in  Fig.  1.  In  addition  to  the  3-kHz 
nulling  networks,  we  also  added  a  circular  polarizer. 
This  component  provides  about  10  dB  of  backscatter 
rejection  from  a  flat  plate  without  the  need  for  any 
fine  tuning.  Since  the  circular  polarizer  combined 
with  a  rectangular  waveguide  functions  as  a  polari¬ 


zation  filter  like  the  orthomode  coupler,  this  con¬ 
tribution  to  backscatter  rejection  is  Independent  of 
the  probe-to-surface  spacing.  Use  of  a  circularly 
polarized  wave  also  is  advantageous  because  the 
crack  signal  is  independent  of  crack  orientation; 
however,  this  experimental  convenience  entails  a 
3-dB  loss  in  signal  power  over  that  produced  by  an 
optimally  aligned,  linearly  polarized  incident  wave. 

We  found  that  the  sensitivity  of  the  modified 
system  was  about  the  same  as  for  the  old  system, 
but  that  the  adjustments  needed  to  achieve  this 
sensitivity  were  much  easier  to  carry  out  and  to 
maintain.  The  gain  of  the  3-kHz  amplifiers  was 
about  the  same  in  both  systems.  With  the  improved 
background  rejection  in  the  modified  system,  we  had 
expected  to  be  able  to  increase  this  gain,  but  we 
were  limited  by  ground-loop  pickup  and  the  finite 
'  ,Iution  of  the  directional  coupler.  Of  course, 
it  should  be  possible  to  reduce  such  stray  pickup 
with  further  effort. 
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Fig.  1  Microwave  Eddy-Current  System 
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The  sensitivity  of  an  eddy-current  system  is 
also  affected  by  the  ability  of  the  probe  to  convert 
as  large  a  fraction  of  its  driving  current  as  possi¬ 
ble  Into  eddy  currents  flowing  in  a  region  no  larger 
than  the  flaw  being  examined.  In  the  system  tested 
last  year,  the  probe  used  was  a  microwave  lens 
(polystyrene)  having  a  focal  length  of  7.6  cm  and  a 
focal -spot  size  of  3  mm.  This  probe  provided  near¬ 
ly  plane-wave  excitation  of  the  EDM  slots,  and  thus 
was  an  important  factor  in  the  good  agreement  ob¬ 
tained  between  theory  and  experiment.  The  spot  size 
of  this  probe  was  about  optimum  for  the  2.5-  and 
1.25-mm-long  slots  that  were  examined.  However,  the 
scattering  patterns  for  these  slots  are  all  broader 
than  the  lens  pattern;  thus,  some  of  the  scattered 
energy  is  lost,  making  this  probe  less  efficient 
than  we  woul  d  like. 

One  way  of  obtaining  a  more  efficient  probe  is 
to  use  a  near-field  probe,  such  as  an  open-ended 
waveguide,  and  bring  it  close  to  the  flaw.  Such  a 
probe  still  concentrates  its  fields  in  a  small  re 
gion  slightly  larger  than  the  waveguide  cross  sec¬ 
tion,  but  also  captures  more  of  the  energy  scat¬ 
tered  by  the  flaw.  It  should  be  noted,  however, 
that  the  attendant  increase  in  sensitivity  is  accom¬ 
panied  by  increased  difficulty  in  performing  a  theo¬ 
retical  analysis  of  the  probe-flaw  interaction. 


The  sensitivity  of  a  near-field  probe  can  be 
increased  further  by  using  dielectric  loading  to 
increase  the  ratio  of  magnetic  field  to  electric 
field  at  the  surface  of  the  metal  being  Inspected. 

One  method  of  dielectric  loading  is  to  attach  a 
resonant  dielectric  sphere  to  the  end  of  the  wave¬ 
guide.  Resonance  in  the  sphere  is  required  so  that, 
by  proper  positioning  of  the  sphere,  we  can  match 
the  incident  wave  in  the  waveguide  to  the  resonant 
mode  in  the  sphere.  An  excellent  dielectric  material 
for  this  purpose  would  be  sapphire  (c  “9).  However, 
we  could  not  easily  obtain  sapphire  spheres  of  the 
correct  size  to  be  resonant  at  our  system's  oper¬ 
ating  frequency  of  100  GHz,  and  so  we  did  not  pursue 
this  approach.  However,  we  believe  this  approach  to 
be  feasible. 

Another  method  of  dielectric  loading  is  to 
couple  the  air-filled  waveguide  to  a  dielectric 
waveguide.  We  constructed  such  a  dielectric  wave¬ 
guide  out  of  Delrin  (e  =3.7).  A  good  match  between 
the  air-filled  guide  and  the  dielectric  guide  was 
obtained  by  tapering  one  end  of  the  dielectric  guide 
to  a  point.  A  photograph  of  the  dielectric-waveguide 
probe  is  shown  in  the  right-hand  side  of  Fig.  2. 

The  outer  diameter  of  the  Delrin  probe  is  1.1  mm. 

For  comparison,  the  far-field  lens  probe  is  also 
shown  in  that  figure. 


Fig.  2  Microwave  Eddy-Current  Probes 


Figure  3  provides  a  comparison  of  the  eddy- 
current  responses  obtained  when  the  lens  probe  and 
open-ended  waveguide  probe  were  used  to  examine  the 
EDM  slots  studied  previously.  The  two  upper  photo¬ 
graphs  were  obtained  using  the  far-fleld  lens  probe, 
and  the  two  lower  photographs  were  obtained  using 
the  near-field,  circular-waveguide  probe.  The  ab¬ 
scissa  and  ordinate  on  each  photograph  are  propor¬ 
tional  to  the  real  and  Imaginary  parts  of  the  probe 
reflection  coefficient,  respectively.  Each  trace 
was  obtained  by  mechanically  moving  the  slots 
through  the  region  Illuminated  by  the  probe.  The 
background  signal  has  been  suppressed  so  that  no 
lift-off  trace  is  generated  when  the  plate  contain¬ 
ing  the  slots  is  moved,  I.e.,  the  lift-off  trace 
has  been  reduced  to  a  point.  When  a  slot  enters 
the  illuminated  area,  the  spot  on  the  storage- 
oscilloscope  display  moves  away  from  its  resting 
point  and  then  returns  to  that  point  when  the  slot 
leaves  the  illuminated  area.  The  maximum  excursion 
and  angular  position  of  the  resulting  trace  are  in¬ 
dicative  of  the  size  of  the  slot. 

The  eddy-current  responses  obtained  using  the 
lens  probe  are  essentially  the  same  as  those  ob¬ 
tained  previously  with  the  orthomode-coupler 
scheme.  Recall  that  all  the  slots  are  0.25  mm  wide, 
but  vary  in  length  and  depth.  Slots  1,  2,  and  3  are 
2.5  mm  long,  while  Slots  4,  5,  and  6  are  1.25  mm 
long.  Slots  1  and  4  are  0.25  mu  deep,  Slots  2  and  5 
are  0.5  mm  deep,  and  Slots  3  and  6  are  1.0  mm  deep 
(nominal).  Slots  1,  2,  and  3  produce  responses  that 
are  well  separated  in  phase,  but  the  traces  produced 
by  Slots  4,  5,  and  6  essentially  lie  on  top  of  one 


another.  These  latter  traces  can  be  resolved  (as 
was  done  previously)  by  tilting  the  plate  to  pro¬ 
duce  an  observable  lift-off  trace.  The  responses 
from  Slots  1,  2,  and  3  have  widely  different  phases 
because  these  slots  are  long  enough  to  support  a 
propagating  waveguide  mode  that  can  reflect  from 
the  bottom  of  the  slot.  On  the  other  hand,  Slots 
4,  5,  and  6  support  only  evanescent  modes  (at  100 
GHz). 

The  results  obtained  using  the  waveguide  probe 
(see  the  lower  photographs  In  Fig.  3)  were  somewhat 
unexpected.  Qualitatively,  the  waveguide  probe  was 
indeed  found  to  be  more  sensitive  than  the  lens 
probe.  The  surprising  feature  of  the  waveguide 
eddy-current  responses  was,  however,  the  asynmetry 
of  the  traces;  i.e.,  their  open-loop  or  kidney 
shape.  We  believe  that  this  behavior  is  caused  by 
coupling  between  two  modes  in  the  circular  wave- 
quide.  The  size  of  our  waveguide  is  such  that  two 
modes  can  propagate:  the  TEn  (dominant  mode)  and 
the  TMoi.  The  TEi\  mode  is  the  one  eventually  de¬ 
tected  in  the  receiver  but,  in  the  near  field,  the 
slot  apparently  can  couple  these  two  modes  and  thus 
change  the  effective  impedance  seen  by  the  dominant 
mode.  The  electric  field  in  the  TMoi  mode  is  not 
symmetrical  with  respect  to  a  plane  containing  the 
waveguide  axis,  and  so  the  effective  impedance  de¬ 
pends  on  which  side  of  this  axis  the  slot  is  lo- 
ca  ted . 

The  corresponding  eddy-current  responses  ob¬ 
tained  using  the  dielectric  waveguide  probe  are 
shown  in  Fig.  4.  These  responses  are  very  similar 
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Fig.  3  100-GHz  Eddy-Current  Responses  of  EDM  Slots  in  Aluminum 
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SLOTS  1,  2,  and  3  SLOTS  4,  5,  and  6 

Fig,  4  100-GHz  Eddy-Current  Responses  of  EDM  Slots  in  Aluminum 

(dielectric  probe) 


to  those  obtained  using  the  lens  probe  (the  traces 
obtained  in  the  two  cases  are  obviously  rotated 
with  respect  to  one  another,  but  this  difference  is 
due  simply  to  a  different  choice  of  phase  reference). 
It  is  notable  that  the  traces  in  Fig.  4  show  very 
little  of  the  open-loop  shapes  exhibited  by  the  re¬ 
sponse  of  the  open-ended  waveguide.  We  attribute 
this  result  to  the  fact  that  only  one  mode  can  pro¬ 
pagate  in  the  dielectric  waveguide,  and  thus  there 
is  very  little  excitation  of  higher-order  waveguide 
modes  hy  the  slot. 

MEASUREMENTS  ON  FATIGUE  CRACKS 


Three  specimens  of  2024-T3  aluminum  containing 
fatigue  cracks  induced  by  tens  ion- tens  ion  cycling 
were  supplied  to  SRI  by  Dr.  Otto  Buck  of  the  Rock¬ 
well  International  Science  Center.  The  lengths  of 
the  cracks  in  the  three  specimens  were  measured  un¬ 
der  a  microscope,  and  these  crack  lengths  are  listed 
in  Fig.  5.  The  eddy-current  responses  of  each  of 
these  cracks  were  obtained  using  a  conventional 
eddy-current  instrument  and  coil  probe.  Fig.  5 
shows  the  eddy-current  responses  obtained  at  483  kHz. 
Note  that  there  is  a  qualitative  correlation  between 
the  amplitude  of  each  response  and  the  crack  length 
(and  presumably  the  crack  depth).  However,  the 
phase  of  each  response  seems  to  depend  very  little 
on  the  crack  size.  We  will  see  that  at  microwave 
frequencies  the  phase  of  the  eddy-current  response 
can  be  a  strong  function  of  the  crack  size. 

The  100-GHz  eddy-current  responses  of  these 
fatigue  cracks  were  obtained  by  mechanically  trans¬ 
lating  the  aluminum  samples  past  the  fixed  dielec¬ 
tric-waveguide  probe.  The  cracks  were  relatively 
tight  (the  crack  opening  was  on  the  order  of  1  nm), 
and  we  found  that  they  could  not  be  detected  with 
our  system.  Therefore,  we  built  the  four-point 
bending  jig  shown  in  Fig.  6.  By  turning  the  screw 
in  the  jig' and  bending  the  aluminum  sample,  we 
could  control  the  degree  of  crack  opening  in  the 
manner  depicted  in  Fig.  7. 

Photographs  of  the  crack  opening  in  sample  A4 
as  a  function  of  the  sample's  surface  displacement 
produced  by  bending  are  shown  in  Fig.  8.  We  began 
to  detect  the  crack  with  our  100-GHz  eddy-current 
system  when  the  crack  opening  was  about  3  vim,  which 
corresponds  to  the  middle  photograph  in  Fig.  8.  The 
right-hand  photograph  shows  the  maximum  crack  open¬ 


SAMPLE 

CRACK 

NUMBER 

LENGTH 

A4 

0.140  in. 
<3.56  mm) 

B3 

0.180  in. 
(4.57  mm) 

C3 

0.252  in. 
(E.40  mm) 

Fig.  5  Eddy-Current  Responses  of  Cracks  in 
2024-T3  Aluminum  at  483  kHz 

ing  that  could  be  obtained  under  elastic  bending 
(about  6  urn). 

The  100-GHz  eddy-current  response  of  the  crack 
in  sample  A4  is  shown  as  a  function  of  relative 
surface  displacement  in  Fig.  9.  The  horizontal  and 
vertical  axes  in  these  photographs  are  proportional 
to  the  in-phase  and  quadrature  components  of  the  re¬ 
flection  coefficient,  respectively.  Zero  relative 
displacement  refers  to  the  case  where  the  bending 
is  just  sufficient  to  make  the  crack  detectable.  We 
attribute  the  differences  between  the  responses 
shown  in  the  eight  photographs  to  the  differences  in 
the  effective  crack  depth  produced  by  bending  (see 
Fig.  7). 

In  order  to  interpret  the  responses  shown  in 
Fig.  9,  further  explanation  of  the  experimental 
procedure  is  in  order.  First,  the  position  of  the 
dielectric  waveguide  was  adjusted  so  that  it  just 
touched  the  surface  of  the  sample  where  the  surface 
displacement  was  greatest  (close  to  the  position  of 
the  crack).  Then  the  sample  was  moved  so  that  the 
probe  was  about  5  cm  to  one  side  of  the  crack  and 
the  lift-off  signal  was  nulled  out  (the  resulting 
point  on  the  X-Y  display  was  moved  around  for  con¬ 
venience  using  the  offset  controls  on  the  storage 
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Fig.  6  Aluminum  Sample  Mounted  in  Four-Point  Sending  Jig 


oscilloscope).  Next,  the  sample  was  scanned  slowly 
along  a  line  containing  the  center  of  the  crack. 
During  this  scan,  the  lift-off  signal  changes  be¬ 
cause  the  distance  between  the  sample  surface  and 
the  probe  changes.  This  lift-off  signal  roughly 
follows  a  circular  path  on  the  oscilloscope,  of 
which  only  a  small  part  can  be  seen  in  the  display 
(the  diameter  of  the  lift-off  circle  depends  on  the 
gain  of  the  system).  As  the  probe  passes  over  the 
crack,  the  trace  departs  from  its  circular  path 
(the  amount  of  the  departure  from  the  circular  path 
determines  the  degree  of  lift-off  discrimination). 
Finally,  as  the  probe  moves  past  the  crack,  the 
response  retraces  its  path,  since  the  sample  is 
bent  symmetrically. 

The  striking  feature  of  the  crack  signals  is 
not  so  much  the  amplitude  dependence  on  effective 
crack  depth,  but  the  phase  dependence.  For  smaller 
crack  depths,  the  crack  signal  trace  moves  almost 
directly  opposite  to  the  lift-off  trace.  As  the 
crack  depth  increases,  the  angle  between  the  crack 
trace  and  the  lift-off  trace  increases,  progressing 
very  rapidly  through  90u.  This  angle  opens  up  to 
180°,  and  then  reverses  its  direction  back  toward 
0°  The  complete  phasor  display  that  would  be  seen 
if' the  entire  lift-off  circle  were  visible  is  illus¬ 
trated  in  Fig.  10. 


This  behavior  can  be  explained  in  terms  of  a 
oropagating  mode  inside  the  crack.  Such  a  propaga¬ 
ting  mode  can  exist  in  this  case  because  the  crack 
length  is  greater  than  half  a  wavelength.  At  one 
frequency,  the  approximate  equivalent  circuit  for 
such  a  mode  is  a  simple  short-circuited  transmission 
line  shunted  at  its  input  by  a  radiation3conductance, 
G.  From  our  previously  developed  theory  we  know 
that  scattering  from  the  crack  is  proportional  to 
the  inpjt  impedance  of  this  equivalent  network. 
Therefore,  the  phase  of  the  crack  signal  at  the 
metal  surface,  e$,  is  given  by 

os  =  tan"1[(l/GZ0)ctn  3d]  (1) 

where  Zn  is  the  characteristic  impedance  of  the 
propagating  mode  and  3  is  its  propagation  constant. 
The  depth  of  the  crack  is  d.  In  the  phasor  display, 
o  is  the  angle  measured  counter-clockwise  from  the 
c?r.ck  phasor  to  a  normal  to  the  lift-off  circle,  a& 
illustrated  in  Fig.  10.  The  variation  of  o  with 
crack  depth  calculated  from  Eq.  (1)  is  shown  in 
Fig.  11  for  two  values  of  1/GZq.  The  "high-Q"  case, 
l/GZ,  =  10,  is  more  realistic  for  open  cracks  ac¬ 
cording  to  calculations  using  the  theory  developed 
last  year.  Qualitatively,  the  high-Q  variation  of 
phase  is  indeed  what  was  observed  during  the  gather- 
ing  of  data  shown  in  Fig.  9.  Furthermore,  the  cal¬ 
culations  also  show  that  the  zero  crossing  of  the 
phase  is  primarily  determined  by  crack  depth,  and  is 
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Pig.  7  Illustration  of  the  Variation  of  Effective  Crack  Dapth  with  Bending  Displacement 


Fig.  8  Crack  Opening  as  a  Function  of  Surface  Displacement,  S, 
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Fig.  10  Phasor  Display  of  100-GHz  Eddy-Current  Signal 


not  a  strong  function  of  crack  length  or  opening. 

This  result  suggests  that  crack  depth  can  be 
measured  accurately  with  this  technique,  provided 
that  the  crack  is  sufficiently  open  to  be  detectable 
and  have  a  high  Q,  and  provided  that  the  crack 
length  is  larger  than  one-half  wavelength.  Rather 
than  bend  the  specimen,  in  practice  one  would  vary 
the  frequency  (the  measurement  system  would  have  to 
be  constructed  to  have  sufficient  bandwidth)  until 
the  crack  signal  is  normal  to  the  lift-off  circle. 

At  this  point,  nd  is  an  odd  multiple  of  n/2,  the  am¬ 
biguity  being  resolvable  from  a  knowledge  of  the 
crack  length.  Then,  assuming  that  a  crack  model  is 
available*  to  provide  an  accurate  value  for  p,  the 


depth  is  determined.  An  important  feature  of  this 
technique  is  that  it  is  self-calibrating,  since  the 
phase  of  the  crack  signal  is  measured  relative  to 
the  lift-off  circle. 

THEORETICAL  SCATTERING  FROM  AN  ELLIPTICAL  CRACK 

In  the  theory  developed  last  year  we  found  that 
the  scattering  produced  by  a  crack  was  Inversely 
proportional  to  a  suitably  defined  crack  admittance. 
This  crack  admittance  is  the  sum  of  a  radiation  ad¬ 
mittance  and  a  cavity  admittance.  If  the  crack  Is 
several  times  deeper  than  it  is  wide,  we  can  assume 
that  the  radiation  admittance  does  not  depend  on  the 
interior  geometry  of  the  crack,  but  only  on  the  geo- 


Fig,  11  Crack  Signal  Phase  as  a  Function  of  Crack  Depth 


The  modeling  of  elliptical  cracks  is  discussed  in 
the  next  section. 


metry  of  the  crack  opening.  The  radiation  admittance 
of  a  thin  rectangular  aperture  like  that  shown  ir 
Fig.  12(a)  has  been  calculated  assuming  the  electric 
field  in  the  crack  mouth  is  given  by 
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modes.  The  result  of  this  expansion  was 


(a)  CRACK  GEOMETRY 


(v-ff/2) 


u.«  sinh'1  (a/c) 


-d  (v  “  tt) 


(h|  ELLIPTICAL  COORDINATES  IN  Z-X  PLANE 

Fig.  12  Coordinate  Systems  for  an  Elliptical  Crack 


£(x,y,0) 


*  sin  lk(a- |xl ) ] , 


and  need  not  be  discussed  further.  In  Eq.  (?),  k  is 
the  free-space  wave  number  and  is  equal  to  2..  divid¬ 
ed  by  the  free-space  wavelength. 

Assuming  this  same  aperture  field,  the  cavity 
admittance  is  given  by 


a  b 

-/  *  I 


sin  [ k ( a- | x | )]  (3) 


where  Hx  Is  determined  from 


E(4 

n  nrIH  '  0 


cos^  (ka/2)  ctnh  (r^d) 


(rqa)Z  •  (q*)2  -  (ka)2  .  (6) 

When  the  interior  of  the  crack  assumes  an  el¬ 
liptical  shape  like  that  shown  in  Fig.  12(a),  we 
need  to  find  the  corresponding  solutions  of  the 
Helmhol tz  equation 

a2E  c  i2E  c 

^  =  o  (7) 

ax  az 

which  satisfy  the  interior  boundary  conditions  and 
which  can  be  used  to  expand  the  aperture  field. 

This  solution  is  best  obtained  by  transforming 
to  elliptic  cylinder  coordinates  (f,,n)  where 


cosh  u  , 


n  «  cos  v 


d2  -  a2 


In  terms  of  the  rectangular  coordinates,  (z,x),  we 
can  wri te: 


x  =  A2-c2)  (l-„2)  .  (9b) 

The  coordinates,  (u,v),  for  an  elliptical  crack  are 
shown  in  Fig.  12(b).  Assuming  that  the  variables 
are  separable  in  the  new  coordinate  system  so  that 

Eyc  ( u , v )  =  U(u)  •  V(v)  ,  (10) 

the  Helmholtz  equation  separates  into  two  equations: 


d2V  h 
— F  +  (h 
dv 


■m 

■m 


osh  2u)  U  =  0 


cos  2v]  V  =  0 


Here,  £c  is  the  interior  electric  field  that  is  ex¬ 
cited  by  the  negative  of  the  assumed  aperture  elec¬ 
tric  field.  In  other  words,  this  interior  electric 
field  must  satisfy  the  interior  boundary  conditions 
and  be  equal  to  the  negative  of  the  assumed  aperture 
electric  field  in  the  aperture. 

In  our  previous  work  involving  a  rectangular 
crack,  the  interior  electric  field  was  found  by  ex¬ 
panding  the  negative  of  the  aperture  field  in  a 
series  of  transverse-electric  rectangular-waveguide 


where  h  is  a  separation  constant.  Referring  to 
Fig.  12(b),  the  boundary  condition  on  the  perfectly 
conducting  interior  wall  is 

F.yc(ua,v)  *  0.  (12) 

Also,  the  assumed  aperture  field  will  only  excite 
modes  that  are  symmetrical  about  x  *  0.  Hence, 

Eyc  (u,„/2)  =  EyC(u,3*/2)  .  (13) 

Therefore,  EyC  is  even  in  v  with  period  2r.  This 
condition  determines  the  separation  constant,  h. 

The  solutions  to  Eq.  (lib)  are  known  as  Mathieu 
functions.  The  even  solution  with, period  ?.n  is 
designated  ceon+i(v,q),  where  q  =  c‘k/4  and  n  = 
0,1,2,...  .  Each  of  these  Mathieu  functions  is 
associated  with  a  unique  separation  constant,  which 
is  designated  as  h  =  aZn+i. 


/ 


The  solutions  to  Eq.  (1-a)  are  called  modified 
Mathleu  functions.  Satisfaction  of  Eq.  (12)  re¬ 
quires  that  both  Independent  solutions  to  this 
second-order  differential  equation  for  h  *  a2n+j  be 
used.  Therefore,  we  set 

U(u)  '  A2n+lCe2n+l(u<q)  +  b2n+lFey?n+l(u'q>  <14) 

where  Ce2n+j  and  Feygn+l  are  modi' ><1  Mathleu  func¬ 
tions  of  the  first  ana  second  kind,,  respectively. 

The  constants  B2n+i  are  dotc.t'mf neo  by  Eq.  (12). 

They  are: 

A2n+1  1  C2n'lfey2n+l(Vq) 
and 

B2n+1  =  ■C2n+lCe2n+l^'!a’q^  ’ 

with  C2n+^  an  arbitrary  constant. 

In  summary,  the  solution  for  the  internal  elec¬ 
tric  field  is 


(15a) 

(15b) 


Ey  =  C2n+lce2n*-l^v’q^  Ze2n+l7u,q^ 

n=u 

where 

Ze2n+i(u,q)  $  Fey2n+l(ua,q'  Ce2nH(u*q) 

-  Ce2n+1(ua,q)  FcyZn+i;u,q)  .  (17) 

It  can  be  shown  that  the  Ze2n+i  are  orthogonal  over 
the  Interval  l0,uj,  i.e,, 

%  3 

f  Ze2m+1  Ze2n+1  du  =  0  <18> 

0 

if  m  t  n.  Hence,  the  constants  C2n+i  can  be  deter¬ 
mined  from  the  relation 


f  .III 

l2n+l  ' 


l k(a-c* s i n’i  u)j  Ze2||+1(u,q)du 


.(19) 


ce2n+l( 


n  /  2 ,  q )  J" 


Ze2n+i(u-q)  du 


Series  expansions  for  the  Mathieu  functions 
ce2n+i(v,q).  Ce2n+1(u,q)1(and  Fey2n+1(u,q)  can  be 
found  in  the  literature. 


The  magnetic  field  in  the  crack  mouth  can  be 
obtained  from  Eq.  (4)  expressed  in  elliptic  coordi¬ 
nates,  thaf  is, 


-J«„0HCC  U.o)  ■  i"EyC(u'V)}(:0  (20) 

From  Eq.  (9h)  we  find  that 

dx  =  i,  du  (21) 

when  n  -  0-  Hence,  substitution  of  Eqs.  (20)  and 
(21)  into  Eq.  (3)  gives  the  result 


\  =  (2j/i,,u 


°7 sin 


[k(a-c.sinh  u )  1 
c  , 


^  (u.v  | 
hi  cos 


du  . 

cos  v=0 


(22) 


This  integral  can  be  evaluated  numerically,  but  such 
calculations  have  not  yet  been  carried  out. 

SUMMARY  AND  CONCLUSIONS 

Improvements  in  our  100-GHz  eddy-current  mea¬ 
surement  system  have  been  described,  and  the  re¬ 
sults  of  measurements  made  on  fatigue  cracks  In 
202a-T3  aluminum  using  this  imDroved  system  have 
been  presented,  it  has  been  shown  thal  the  phase  of 
the  100-GHz  eddy-current  signal  Is  a  sensitive  mea¬ 
sure  of  crack  depth,  provided  that  the  crack  length 
is  greater  than  about  one-half  wavelength.  This 
phase  measurement  Is  a  self-calibrating  tochn'que 
for  determining  crack  depth.  However,  this  tech¬ 
nique  requires  that  the  crack  be  sufficiently  open 
so  that  the  component  of  crack  impedance  associated 
with  energy  propagating  Inside  the  c»  sk  Is  both 
detectable  and  larger  than  the  skin-t  ect  component 
of  crack  impedance,  which  is  proportional  to  the 
surface  impedance  of  the  metal.  To  date,  our  100- 
GHz  sysicm  has  not  been  sensitive  enough  U>  detect 
the  skin-effect  component. 

In  addition  to  this  experimental  work,  we  have 
also  presented  the  !'ieory  necessary  to  compute  the 
crack  Impedance  associated  with  energy  propagating 
in  an  el  1 iptical ly  shaped  crack. 

Therefore,  we  conclude  that  microwave  eddy- 
current  techniques  can  be  used  to  accurately  deter¬ 
mine  the  dimensions  of  surface-breaking  cracks  In 
metals.  However,  more  work  is  needed  to  improve 
crack  models,  system  sensitivity,  and  particulary 
the  practicality  and  flexibility  of  the  physical 
implementation. 
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SUMMARY  DISCUSSION 


Jim  Martin,  Chairman  (Rockwell  Science  Center):  Are  there  any  questions? 

Dick  Elsley  (Science  Center):  What  Is  the  skin  depth  In  the  aluminum? 

A1  Bahr  (SRI):  I  don't  have  an  exact  number  for  that. 

Jim  Martin,  Chairman:  You  said  several  microns. 

A1  Bahr:  At  1  gigahertz,  It's  several  microns,  so  at  100  gigahertz  the  skin  depth  Is  one  tenth  as 
1 arge. 

C.G.  Gardner  (University  of  Houston):  You  said  when  you  change  from  linear  polarization  to  circular 
polarization,  you  become  Insensitive  to  the  crack  orientation.  What  was  the  loss  of 
sensitivity  you  associate  with  that? 

A1  Bahr:  It's  three  db  because  you're  lining  up  the  polarization  correctly  only  half  of  the  time,  l.e. 
the  polarization  Is  spinning  around.  So  presumably  you  would  be  able  to  detect  a  particular 
crack  with  a  smaller  crack  opening  If  the  polarization  were  linear  and  aligned  normal  to  the 
crack. 

I  should  mention  that  another  thing  we  are  trying  to  do  Is  to  look  at  resonator  probes  In  an 
effort  to  Improve  our  sensitivity.  We  always  need  more  sensitivity. 

Frank  Meunnemann  (Stanford  University):  Have  you  calibrated  the  actual  Impedance  In  ohi,  ? 

A1  Bahr:  No. 

Jim  Martin,  Chairman:  If  there  are  no  more  questions,  this  concludes  today's  session. 


FEASIBILITY  OF  NONDESTRUCTIVELY  EVALUATING 
THE  Ml 40  RECOIL  PISTON  HEAD  WELD 


Roy  L.  Buckrop 

Product  Assurance  Directorate 
U.S.  Army  Armament  Command 
Rock  Island,  Illinois  61299 


ABSTRACT 

The  application  of  nondestructive  testing  (NOT)  to  a  weld  cracking  problem  on  the  M140  Recoil  Piston 
is  discussed.  Addressed  in  the  presentation  is  the  technique  used  for  screening  recoil  pistons  for  crack 
sensitive  weld  filler  metal  and  the  inspection  of  piston  welds  for  flaw  discontinuities. 


INTRODUCTION 

Test  Date  and  Place:  15-18  January  and  5-8  Febru¬ 
ary  1980,  Shop  M  and  L,  Rock  Island  Arsenal. 

Object:  To  establish  feasibility  of  utilizing 
Nondestructive  Testing  to  identify  weld  bead  alloy 
and  evaluate  weld  material  integrity  (soundness) 
of  the  M140  Recoil  Piston  Head  Weldment  (Fig,  1). 


Scope:  During  routine  machining,  longitudinal  and 
transverse  surface  cracks  were  observed  in  the  M140 
Recoil  Piston  Head  Weld,  Test  specimens  cut  from  a 
defective  piston  also  revealed  extensive  weld  root 
cracking  which  extended  into  the  weld  bead  along 
the  weld's  longitudinal  axis.  The  cause  for  both 
the  surface  and  sub-surface  cracking  was  postulated 
as  resulting  from  two  sources:  one  being  the  weld 
filler  material  (rod)  and  the  other  control  of  the 
welding  process.  This  study  is  concerned  with  the 
screening  of  pistons  as  to  weld  filler  material 
(one  filler  material  is  suspect  of  being  crack  sen¬ 
sitive)  and  the  nondestructive  evaluation  of  M140 
Recoil  Piston  Head  Welds  for  flaw  discontinuities. 

Approach:  There  were  three  NDT  (Nondestructive 
Testing  Techniques’1  considered  for  this  investiga¬ 
tion:  ultrasonics,  magnetic  particle,  and  eddy 
current. 

Test  Specimens:  Two  categories  of  test  specimens 
were  used;  type  one  (Fig.  2)  consisted  of  four 
fabricated  inverted  tee  ( _L )  weldments,  two  heat 
treated  and  two  as  welded.  The  weld  joint  for 
these  was  a  "J"  preparation,  the  same  as  the  piston 
head.  Two  were  welded  with  4130  welding  rod,  one 
heat  treated  and  one  as  welded.  The  other  two  were 
welded  with  the  suspect  (crack  sensitive)  rod  L6M 
(4340),  one  heat  treated  and  one  as  welded.  The 
test  specimens'  weld  beads  were  machined  to  approxi¬ 
mately  a  125  finish  to  accommodate  eddy  current 
test  probe,  coupling,  These  test  specimens  were 
used  for  weld  bead  alloy  evaluations.  Type  two 
test  specimens  (Fig.  3)  were  used  for  discontinuity 
detection  and  evaluation  and  consisted  of  various 
select  sections  cut  from  rough  machined  defective 
piston  weldments.  For  the  magnetic  particle  test, 

. 043-inch  diameter  simulated  flaws  (holes)  were 
drilled  along  the  longitudinal  axis  of  the  weld, 
starting  from  the  edges  and  drilling  3/4-inch  deep 
toward  the  specimen  center.  The  holes  were  located 
below  the  center  of  the  weld  face  at  varying  depths 
of  .030  inch,  starting  at  .060  inch.  These  test 
specimens  were  used  to  evaluate  subsurface  material 
discontinuities.  The  above  test  specimens  were 
also  used  for  the  eddy  current  discontinuity  depth 
tests.  Centered  in  the  specimen  weld  face,  slots 
approximately  . 007-inch  wide  by  1/4-inch  long  were 
machined  at  ,025,  .050  and  .073-inch  deep,  along 
the  longitudinal  axis  of  the  weld  (Fig.  3), 


Fig.  1  Ml 40  Recoil  Piston  Weldment 
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Fig.  2  Type  One  Test  Specimens  (Fabricated  Weld  Samples) 


MACHINED  SLOTS 


Fig.  3  Type  Two  Test  Specimens  (Sections  from  Defective  Pistons) 


TEST  #1 :  ULTRASONIC  PULSE  ECHO 


TEST  #2:  MAGNETIC  PARTICLE 


Theory :  Angle  beam  ultrasonic  energy  transmitted 
into  the  Guter  surface  of  tne  weldment,  along  its 
longitudinal  axis,  from  the  head  end,  will  be 
reflected  from  the  inner  surface  of  the  piston, 
back  into  the  welded  area,  allowing  for  internal 
inspection  of  the  weld.  Discontinuities  present 
in  the  weld  area  will  reflect  a  portion  of  the 
transmitted  sound  energy  back  to  the  inspection 
probe.  The  probe  (transducer)  will  convert  the 
reflection  to  an  electric  signal  proportional  in 
amplitude  to  the  intensity  of  the  ultrasonic  sig¬ 
nal.  This  in  turn  will  be  displayed  on  a  cathode 
ray  tube  for  interpretation. 

Equipment:  Automation  Industries,  Inc.  Reflecto- 
scope  UM  721.  One  45?  angle  beam  search  unit, 
5MHZ. 

Procedure:  Following  instrument  warm  up  and  sta¬ 
bilization,  a  known  cracked  test  specimen  (Fig.  4) 
was  coated  with  oil  couplent  and  a  45'  angle  beam 
search  unit  used  to  qualitatively  scan  the  defec¬ 
tive  weld.  Signal  amplitude  was  adjusted  to  full 
scale  for  a  signal  reflection  from  the  corner  of  a 
reference  block. 

Results;  Hand  scanning  produced  erratic  results 
and  was  difficult  to  control,  demonstrating  a  need 
for  test  probe  fixturing.  Appropriate  flaw  ref¬ 
erence  standards  would  need  to  be  established  for 
discontinuity  evaluation. 

Conclusion:  Due  to  time  limitations,  this  tech¬ 
nique  was  abandoned.  However,  it  does  have  enough 
promise  to  warrant  further  development  for  future 
application. 


Fig.  4  Piston  Section  Cracked  in  Production 


Theory:  Ferro-magnetic  materials,  when  exposed  to 
intense  and  highly  concentrated  electro  magnetic 
fields,  can  be  ..ade  to  reveal  sub-surface  internal 
discontinuities.  Related  external  leakage  fields 
caused  by  discontinuities  will  attract  and  hold  an 
iron  particle  media  (either  dry  as  powder  or  in  a 
liquid  suspension)  revealing  their  presence  and 
plainer  location. 

Equipment:  Two  rectified  DC  magnetic  particle  test 
machi nes :  wet,  5000  amp  max  capacity  with  magnet¬ 
izing  coil  and  dry  1400  amp  max  capacity  with  prods. 

Procedure:  A  cursory  dry  magnetic  particle  test 
was  performed  on  a  specimen  cut  from  a  rough 
machined  defective  piston  (Fig.  4).  The  specimen 
was  severely  cracked  along  the  weld  longitudinal 
axis,  extending  from  the  root  nearly  through  the 
weld,  stopping  near  the  surface.  Successful  detec¬ 
tion  of  this  subsurface  crack  was  followed  by  a 
progressive  evaluation  of  fabricated  flaws  (holes) 
placed  into  the  edges  of  test  specimens  cut  from  a 
rough  machined  defective  piston  (Fig.  3). 

A  hole  (one)  was  drilled  in  from  each  side  of 
a  specimen  (two  holes  per  specimen).  Starting  at 
.060  inch  below  the  weld  surface,  the  holes  were 
alternately  placed  at  ,030-inch  increments  below 
the  surface  down  to  .270  inch.  Both  the  wet  and 
dry  magnetic  particle  tests  were  evaluated.  The 
current  used  was  continuous  and  approximately  3800 
ampers  for  the  wet  method,  which  used  a  coil  for 
magnetization.  The  specimen  was  positioned  directly 
on  the  inner  surface  of  the  coil  during  energizing. 
For  the  dry  technique,  approximately  1400  continuous 
ampers  were  used  for  magnetization,  using  prods 
placed  at  each  end  of  the  weld. 

Results:  Both  the  wet  and  dry  magnetic  tests  were 
abl e  to  show  sub-surface  discontinuity  indications 
on  the  sectioned  test  specimen  cracked  during  pro¬ 
duction  welding  (Fig.  4).  Both  methods  were  also 
capable  of  detecting  simulated  flaws  (holes)  down 
to  .090  inch  below  the  weld  surface  (Fig.  4).  The 
dry  (powder)  method  appeared  to  be  somewhat  more 
positive.  Further  increases  in  magnetizing  force 
(higher  currents)  may  make  it  possible  to  detect 
discontinuities  even  deeper  below  the  weld  surface. 
However,  for  each  material  there  is  a  practical 
depth  sensitivity  limit  based  on  ferric  induction 
characteristics.  The  degree  of  sensitivity  experi¬ 
enced,  however,  appeared  to  result  from  limited 
magnetizing  force  (current)  and  not  necessarily  to 
ferric  induction  limits  of  the  weld  material. 

Conclusion:  The  continuous  magnetization  method, 
with  both  the  wet  and  dry  magnetic  particle  tests, 
demonstrated  the  capability  of  revealing  weld 
material  discontinuities  approximately  one-tenth  of 
an  inch  below  the  surface.  Discontinuity  detection, 
deeper  than  one-tenth  inch,  may  be  possible  with 
larger  magnetizing  forces  (currents).  The  dry  mag¬ 
netic  particle  test  demonstrated  the  strongest 
sensitivity  for  the  deepest  detectable  discontinuity 
(drilled  hole) . 
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TL5T  it 3:  EDDY  CURRENT 

Theory :  The  consideration  of  eddy  current  testing 
for  this  study  is  based  primarily  on  its  adaptation 
to  metal  sorting.  However,  the  response  of  eddy 
currents  to  material  discontim  .ties  was  used  to 
evaluate  the  depth  of  flaw  indications  located  by 
magnetic  particle  inspection,  The  test  instrument 
utilizes  a  probe  coil  which  is  excited  by  an 
oscillating  electric  current.  The  probe,  with  its 
associated  field,  induces  eddy  currents  in  the  test 
part  (an  electrical  conductor)  which  will  reflect 
changes  in  material  permeability  and  electrical 
conductivity  according  to  structure  variations. 

The  test  signal  can  be  monitored  for  both  amplitude 
and  phase  variations. 

Equipment;  Automation  Industries,  Inc.  Eddy  Cur¬ 
rent  Tester,  EM  3300  with  two  probes  (Black  and 
Green)  both  suitable  for  operation  at  the  selected 
test  frequency  of  400  KHZ. 

Procedure;  The  eddy  current  instrument  was  allowed 
to  warm  up  and  stabilize  prior  to  testing.  An 
operating  frequency  of  200  KHZ  was  set  on  the  fre¬ 
quency  counter  display  with  an  appropriate  probe 
connected  to  the  instrument.  200  KHZ  was  used  for 
the  weld  material  evaluation  and  400  KHZ  for  the 
flaw  depth  test.  The  instrument  was  electrically 
balanced  (nulled).  The  trace  was  adjusted  to  the 
center  of  the  display  and  a  favorable  phase  ref¬ 
erence  angle  selected  for  first  quadrant  presenta¬ 
tion.  Two  tests  were  run,  one  to  detect  the  pres¬ 
ence  of  4130  or  4340  (L6M)  weld  material  and  the 
other  to  quantitatively  evaluate  the  depth  of  sur¬ 
face  flaws  detected  by  magnetic  particle  testing. 
For  the  differentiation  of  weld  material,  the  probe 
was  placed  on  the  machined  surface  of  referenced 
specimen  welds  (Fig.  2)  and  the  resulting  display 
trace  compared  to  traces  obtained  from  suspect  weld 
material.  For  the  flaw  depth  test,  the  probe  was 
moved  (scanned)  across  suspect  flaws.  Any  surface 
discontinuity  scanned  across  will  produce  a  blip  on 
the  display,  projecting  out  from  the  basic  material 
trace  proportional  in  amplitude  to  its  perpendicu¬ 
lar  depth  beneath  the  material  surface.  Signals 
obtained  from  surface  flaws  are  then  evaluated  by 
comparing  them  to  signals  obtained  from  referenced 
slots  of  known  depths  (Fig.  3). 

Results:  The  eddy  current  test  was  able  to  dis¬ 
tinguish  between  the  4130  and  L6M  (4340  alloy)  weld 
material.  (See  eddy  current  material  response  dis¬ 
plays  in  Fig.  5.)  The  eddy  current  measurements  of 
surface  discontinuity  depths  by  comparison  to  ref¬ 
erenced  slots  are  affected  by  several  factors,  such 
as:  Actual  cracks  will  produce  deflection  signals 
approximately  one-half  that  of  signals  produced  by 
referenced  slots.  Cracks  may  not  cause  deflections 
at  the  same  phase  angle  as  referenced  slots,  Sig¬ 
nals  from  surface  discontinuities  will  be  propor¬ 
tional  to  their  depth  as  measured  perpendicular  to 
the  surface,  not  the  dimension  of  ?  flaw  extending 
into  a  material  angled  away  from  a  perpendicular 
axis  to  its  surface.  Residual  magnetism  and  per¬ 
meability  variations  in  ferro-magnetic  material 
affect  the  eddy  current  response.  Because  of  the 
above  factors,  eddy  current  test  techniques  for 
depth  “valuations  of  surface  discontinuities  must 
be  validated  by  physical  sectioning  (destructive 
tests)  or  other  NDT  techniques. 


Conclusion:  The  identification  of  weld  material  as 
to  which  alloy  is  present  (4130  or  L6M)  using  the 
eddy  current  technique  is  considered  feasible.  The 
evaluation  of  surface  discontinuity  depths  must  be 
approached  with  caution  and  each  application  must 
be  Individually  validated  by  either  other  non¬ 
destructive  techniques  or  destructive  tests. 


413Q  -  Upper  Trace/L6M  -  Lower  Trace 

Instrument  Control  Settings  -  EM3300 : 

freq  =  200  KHZ  -  Pos.  4 

R  =  456 

X  =  590 

l  =  132.5 

SENS.  =  04 

VERT.  *  1  Volt/Oiv 

H0RIZ.  =  0.5  Volt/Div 


Instrument  Control  Settings  -  EM3300: 

freq  =  200  KHZ  -  Pos,  4 
R  =  600 
X  =  814 
0  =  132.5 
SENS.  =  09 
VERT.  =  1  Volt/Div 
H0RIZ.  =  0.5  Volt/Div 

Fig.  5  Eddy  Current  Response-RIA  Weld  Samples 
4130  and  L6M 
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ABSTRACT 


One  way  to  maximize  the  sensitivity  of  an  ultrasonic  inspection  is  by  establishing  the  pulser  output 
voltage  waveform  to  provide  the  maximum  possible  fraction  of  its  energy  in  the  pass-band  of  the  piezo¬ 
electric  transducer.  An  analytical  study  is  reported  that  is  backed  up  with  experimental  verification 
Two  pulser  constraints  are  analyzed  in  this  study.  The  first  constraint  is  to  study  the  common  and  easily 
generated  waveform  shapes  for  which  each  waveform  has  unit  energy  and  compare  to  the  optimum  waveform  shape 
with  unit  energy  that  is  determined  analytically.  The  second  constraint  is  to  repeat  the  first  analysis 
with  waveforms  having  unit  amplitude  rather  than  unit  energy. 

The  analysis  for  the  first  constraint  shows  that  the  numerically  intractable  problem  of  summing  a 
very  large  number  of  Fourier  coefficients  can  be  replaced  by  a  mathematically  equivalent  evaluation  of  the 
pass-band  energy  which  requires  only  the  integration  of  smooth  functions.  This  alternative  formulation 
also  leads  to  the  result  that  the  optimized  waveform  is  the  eigenfunction  of  a  particular  integral  opera¬ 
tor  corresponding  to  the  largest  eigenvalue.  The  eigenvalue  itself  gives  the  maximum  attainable  pass- 
band  energy.  The  optimized  waveform  is  compared  with  sine  waves,  rectangular  waves,  trapezoidal  waves, 
triangle  waves  and  exponential  spikes  for  1/2,  1  and  3/2  cycle  durations. 

The  analysis  for  the  second  constraint  shows  that  the  unit  amplitude  is  in  the  form  of  an  inequality 
which  is  outside  the  realm  of  the  classical  calculus  of  variations.  An  exact  characterization  of  the  opti¬ 
mized  waveform  was  not  found  but  numerical  integration  techniques  were  employed  to  determine  the  pass-band 
energies  for  the  waveforms  considered  under  the  first  constraint. 

Finally,  a  breadboard  pulser  model  is  constructed  and  extensive  comparisons  of  the  various  waveshapes, 
sensitivity  studies,  spectral  distributions  and  experimental  verification  are  made  for  each  constraint. 


INTRODUCTION 


The  Manufacturing  Technology  Program  of  the 
U.S.  Air  Force  has  undertaken  a  program  to  develop 
a  reliable  and  advanced  modular  nondestructive  test¬ 
ing  system  that  will  meet  the  current  and  future 
requirements  of  USAF  Field/Depot  NDE  activities. 

As  part  of  this  program,  a  review  and  evaluation 
was  made  of  all  current  technology  for  improving 
the  performance  of  ultrasonic  inspection  equipment. 
Advances  in  electronic  devices  (i.e.,  high  power 
FET  devices)  have  made  it  possible  to  build  compact, 
small,  economical  and  high  voltage  pulsers  capable 
of  generating  a  variety  of  waveshapes. 

For  many  years,  a  controversy  has  existed  over 
which  type  of  pulser  output  voltage  waveform  is  the 
best  signal  to  employ  when  driving  a  piezoelectric 
transducer.  The  solution  to  this  controversy  re¬ 
quires  that  meny  UT  system  parameters  need  to  be 
evaluated,  i.e.,  sensitivity,  resolution,  impedance 
matching,  etc.  The  analysis  reported  here  is  for 
the  theoretical  optimum  waveform  design  and  other 
selected  waveforms  which  can  be  generated  in  the 
laboratory.  The  results  presented  are  backed  np 
with  laboratory  experiments.  The  details  of  the 
analytical  analysis  are  presented  first  for  wave¬ 
forms  which  have  unit  energy,  next,  the  analysis 
for  waveforms  which  have  unit  amplitude  and 
finr.lly,  the  laboratory  results  are  presented. 

As  a  part  of  the  Manufacturing  Technology 
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Program  of  the  U.S.  Air  Force,  a  survey  was  made  of 
USAF  Field/Depot  NDE  activities  and  it  was  found 
that  the  transducer  employed  in  the  largest  number 
of  inspections  was  a  5  MHz  unit.  The  following 
analysis  will  use  a  transducer  operating  at  5  MHz, 
with  a  bandwidth  of  40%.  The  40%  bandwidth  is 
chosen  because  a  transducer  typical  of  the  ones 
used  by  the  USAF  is  available  and  it  has  a  41%  band¬ 
width.  Therefore,  a  transducer  is  available  to  pro¬ 
vide  experimental  results  fer  comparison  with  the 
theoretical  results.  Beside  the  data  shows  that  the 
results  would  not  change  significantly  for  other 
bandwidths. 

MAXIMUM  PASS-BAND  ENERGY  FOR 
WAVEFORMS  WTTFTJNIT  ENERGY 


The  analysis  presented  here  is  in  a  general 
form  that  leads  to  a  closed  mathematical  solution. 
Let  f(t)  denote  a  function  of  period  T  and  let  f(t)  be 
zero  for  t  <  t  <  T  and  periodic  in  T,  as  shown  in 
Figure  1.  The  energy  analysis  proceeds  by  expand¬ 
ing  f(t)  in  a  Fourier  series  and  then,  either  inte¬ 
grating  or  summing  the  square  of  each  frequency 
present  to  find  the  total  energy  (Eg-).  The  frac¬ 
tional  energy  (Ep)  in  a  particular  frequency  band 
can  be  found  by  summing  or  integrating  only  the 
frequencies  contained  in  the  band  (Ey)  and  dividing 
by  the  total  energy  (Ep). 


F  EB  .  TnMfn)Z 

tr  “  r 


Jotf2(t)dt 


(1) 
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Fig,  1  Definition  of  the  pulser  output  waveform. 


problem  cannot  be  written  in  the  form  of  elementary 
functions.  Hence,  the  optimum  function  is  found 
numerically,  which  in  this  case  is  fortuitously 
quite  similar  to  the  elementary  function  sin  nx. 

In  reality,  the  optimum  function  and  sin  nx  agree 
only  to  three  fiqures  and  round  off  causes  the 
apparent  four  figure  agreement.  For  f(t)  intervals 
with  an  integer  multiple  (0,  of  center  frequency 
half  cycles,  the  optimum  function  is  close  to 
sin  tnx  but  the  differences  get  larger  as  i  in¬ 
creases  (see  Table  3).  In  all  cases,  the  differ¬ 
ences  are  genuine,  since  the  true  eigenfunction  is 
sin  tux  only  in  the  limit  as  the  bandwidth  goes  to 
zero.  For  all  practical  purposes,  the  first  four 
waveshapes  provide  about  the  same  energy  in  the  40% 
bandwidth.  It  is  interesting  to  note  that  the  ex¬ 
ponential  was  the  worst  case. 


This  equation  can  be  manipulated  to  yield: 

dxf(x)^  dx ' f  ( x '  lk(x-x* ) 


EF  = 


t'f2(x)dx 


(2) 


where  x  =  t/x,  f (x)  =  |f(t)|.  and  K  is  a  kernel 
given  by:  z  XT 


.w  x  _  2  tei  SintE2X  cos (n  +  c^) 

it  sTntei” 


(3) 


where 


Table  1 

Comparison  of  Different  Waveforms  with 
Unit  Energy  for  the  Fractional  Energy 
in  a  40%  Bandwidth 


Waveform 

Optimum  f(x) 

Sin  trx 

Trapazoid  Wave 
Triangle  Wave 
Square  Wave 
Exponential  (e  ) 


Fractional  Energy  in 
40%  Bandwidth _ 


19.98% 

19.98% 

19.94% 

19.68% 

16.30% 

11.60% 


e,  =  rt/2  FT 

(4) 

E2  s  nb/200 

(5) 

Note  that  K  depends  on  three  factors: 

i  =  length  of  signal  in  number  of  half- 
cycles  of  the  driver  frequency 

FT  =  (driver  frequency  F)  x  (period  T) 

b  =  %  bandwidth 


This  formalism  has  the  advantage  that  the  sum  in 
equation  (1)  can  now  be  performed  in  closed  form. 
This  formalism  has  replaced  the  problem  of  adding 
a  very  large  number  of  | f n | 2  with  the  easier 
problem  of  integrating  smooth  functions.  An  addi¬ 
tional  bonus  is  that  an  equation  can  be  obtained 
for  the  optimum  waveform. 

The  optimum  waveform  equation  is  derived  by 
recognizing  that  the  calculas  of  variations  is 
applicable  to  equation  (2).  This  leads  to  the 
conclusion  that  the  maximum  pass-band  energy  occurs 
when  f(t)  for  0  <  t  <  x  is  the  eigenfunction  of  the 
integral  operator  K  corresponding  to  the  largest 
eigenvalue.  The  resulting  energy  is  the  size  of 
the  eigenvalue.  This  formalism  does  not  readily 
lend  itself  to  solutions  for  various  f (t) ’ s  but 
numerical  solutions  can  be  easily  obtained.  Equa¬ 
tion  (2)  was  programmed  on  the  VAX  11-780  computer 
using  available  library  matrix  routines.  A 
Simpson's  integration  rule  was  used  with  good 
convergence  observed  on  the  largest  few  eigenvalues 
and  eigenfunctions. 

The  results  using  numerical  integrations  are 
summarized  in  Table  1.  The  eigenfunctions  for  this 


Various  trapezoids  were  evaluated  and  it  was  dis¬ 
covered  that  the  symmetrical  trapezoids  are  better 
than  asymnetrical  ones.  For  symmetrical  trapezoids 
of  the  form  shown  in  Figure  2,  the  numerical  re¬ 
sults  are  listed  in  Table  2.  The  limit  of  the  "a" 
values  lead  to  the  square  wave  for  a  =  0  and  the 
triangle  wave  for  a  =  1/2. 

Table  2 

Performance  of  Trapezoidal  Waveforms 

Fractional  Energy  in 

a  Value  40%  Bandwidth 


0  (rectangle) 

16.3% 

0.1 

18.1% 

0.2 

19.4% 

0.3 

19.98% 

0.33  (best) 

19.94% 

0.35 

19.94% 

0.4 

19.87% 

0.5  (triangle) 

19.68% 

Figure  3  shows  the  plots  for  four  of  tho 
waveshapes  of  interest.  This  data  shows  that  for 
other  transducers  with  differing  bandwldths,  the 
efficiency  for  these  waveshapes  would  all  vary  In 
about  the  same  proportion,  keeping  the  ordering  in 
Tables  1  and  2  the  same.  It  is  also  apparent  from 
Fig.  3  wby  the  exponential  waveshape  has  been  used 
extensively.  First,  the  exponential  wave  is  easy 
to  generate  and  second,  the  power  output  remains 
more  nearly  constant  over  a  very  large  frequency 
band. 

Finally,  some  of  the  waveforms  were  examined 
for  i  =  2,  3  etc.  and  these  results  are  contained 
in  Table  3.  As  i  increases,  the  effect  is  to 
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Fig.  2  Trapezoidal  waveshapes. 


narrow  band  the  power  spectrum  and  concentrate  the 
power  into  the  bandwidth  of  interest.  The  only  ex¬ 
ception  was  the  exponential  which  provided  the  max¬ 
imum  power  for  i  =  2. 

MAXIMUM  PASS-BAND  ENERGY  FOR 
WAVEFORMS  WITH  UNIT  AMPLITUDE 

This  problem  is  related  to  one  already  solved 
but  with  the  constraint  in  amplitude  which  satis¬ 
fies: 

I f (x) |  <  1  (6) 


UK  ANCViMHd 


Fig.  3  Power  spectral  density  for  a  sine  wave, 

triangle  wave,  square  wave  and  exponential. 


Table  3 

Fractional  Power  Suppl 1 ed  by  Various  Waveshapes 
for  Integer  Multiples  ot  Half  Cycles 
of  the  Center  Frequency 

Fractional  Energy  in  40%  Bandwidth  for 

£.  Optimum  f(x)  Sin  Ztix  e~5t/ a-ci/? 


1 

19.98% 

19.98% 

11.6% 

2 

38.67% 

38.67% 

12.42% 

3 

55.04% 

54.98% 

10.85% 

4 

68.47% 

68.18% 

8.97% 

5 

78.81% 

77.97% 

The  objective  is  to  determine  the  actual 
energy  within  the  40%  bandwidth  for  various  wave¬ 
forms  f(t).  Ideally,  we  would  like  to  find  the 
waveform  f(t)  which  maximizes  Ep  in  equation  (2), 
subject  to  the  constraint  of  equation  (6).  However, 
this  constraint  is  in  the  form  of  an  inequality  and 
makes  this  problem  fall  outside  the  realm  of  clas¬ 
sical  calcules  of  variations.  Methods  have  been 
developed  in  the  theory  of  optimal  control  for 
treating  problems  witn  inequality  constraints  but 
these  approaches  were  not  pursued.  Instead,  a 
numerical  solution  was  obtained  for  the  waveshapes 
described  in  the  previous  section.  There  was  a 
change  in  the  time  constant  for  the  exponential 
wave.  The  previous  study  used  a  time  constant  (5) 
such  that  the  exponential  was  reduced  essentially 
to  zero  in  a  time  of  one-half  cycle  of  the  center 
frequency.  In  the  present  study,  an  exponential 
time  constant  was  selected  so  that  the  waveform 
decayed  to  one-half  its  initial  amplitude  in  the 
same  time  as  one-half  cycle  of  the  transducer's 
center  frequency. 

The  total  energy  content  of  each  signal  can 
be  found  by  calculating  the  denominator  of  equa¬ 
tion  (2).  The  integrals  can  all  be  performed  in 
closed  form  and  the  results  are  shown  in  Table  4. 
Using  numerical  computer  techniques  as  discussed 
in  the  previous  section,  the  fractional  energy  can 
be  determined.  Table  5  contains  those  results. 

It  is  interesting  to  note  that  although  some  of  the 
waveforms  are  very  efficient  at  getting  their 
available  energy  into  the  pass-band  (trapezoid, 
sine  and  triangle  waves ^  ,  they  do  not  produce 
maximum  pass-band  energj .  This  results  from  the 
fact  that  the  total  available  energy  from  each 
waveform  is  different.  Consequently,  the  waveform 
which  produces  the  highest  pass-band  energy  appears 
to  be  the  superior  pulse  driver  waveshape. 


Table  4 

Total  Energy  for  the  Waveforms  Shown 


Waveform 

ET  =  f2(x)dx 

Square 

a(l .0  for  a  =  1 ) 

Trapezoid 

1-  4a  (5/9  for  a  *  1/3) 

Triangle 

1/3 

Sin  lux 

1/2  (independent  of  i) 

Exponential 

(l-l/4*)/Ln4* 
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Figures  4  and  5  contain  the  power  spectral  density 
plots  for  the  waveforms  considered.  It  Is  apparent 
from  these  figures  why  the  square  wave  is  by  far 
the  oest  waveform  to  be  used  for  maximizing  pass- 
bond  energy. 


TABLE  5 

Total  Energy  Ef. "Fractional  Energy  Ep 
and  Pass- Band  Fnergy  Eg  for  the  Waveform  Shown 


Waveform 

£t 

h 

h 

Square 

1.000 

0.1631 

0.1631 

Trapezoidal 
(a  =  1/31 

0. 55  "'S 

0.1994 

0.1107 

Sin  nx 

0.5000 

0.1998 

0.09989 

Tt  iangle 

0.3333 

0.1968 

0.06568 

Exponential 

0.7213 

0.05582 

0.04026 

fttOUINCY  ‘MHJI 


H13WHCY  iMMli 


Fig.  4  Power  density  spectral  plot  for  the  square, 
triangle  and  exponential  waves. 

EXPERIMENTAL  RESULTS 


To  verify  the  results  predicted  by  the  two 
studies  reported  above,  laboratory  tests  were 
performed.  It  is  very  convenient  to  generate  in 
the  laboratory,  waveforms  which  have  the  same 
peak  amplitude.  However,  it  is  extremely  diffi¬ 
cult  to  make  the  driver  output  energy  equal  for 
the  different  waveshapes  because  the  piezoelectric 
transducer  is  a  nonlinear  complex  load  and  this 
creates  significant  distortions  in  the  driver  pulse 
shape.  Consequently,  the  results  reported  here 
will  only  be  for  equal  driver  pulse  amplitudes. 
Furthermore,  the  two  limiting  cases  in  the  unit 
amplitude  study  are  the  square  wave  and  the  ex¬ 
ponential.  These  two  curve  shapes  were  studied 
in  detail. 


Fig.  5  Power  density  spectral  plot  for  the  square, 
trapezoidal  and  sin  wave. 

The  transducer  selected  is  1/4"  x  1/4",  de¬ 
signed  to  operate  at  5  MHz,  Model  No.  HMT  7-221. 

This  transducer  operated  at  4.65  MHz  and  had  a 
41%  bandwidth  as  measured  with  a  tone  burst  method 
(Ref-  1).  A  six  foot  RG-174/u  cable  was  used  and 
an  insertion  loss  of  -30  dB  was  measured  and  an 
impedance  of  1  =  70  ohms  L  20"  was  measured. 

The  exponential  pulse  is  generated  with  a 
Metrotek  MP-215  (typical  of  SCR  shock  type  pulsers) 
pul  sec  whose  output  impedance  was  approximately 
10  ohms.  The  pulse  amplitude  control  is  adjusted 
to  85  V  and  the  damping  control  is  adjusted  to  pro¬ 
vide  a  pulse  whose  duration  (measured  at  50%  levels) 
is  set  equal  to  one-half  cycle  of  the  center  fre¬ 
quency.  The  exponential  has  a  20  ns  risetime, 

120  ns  width  and  an  overall  duration  of  650  ns. 

A  circuit  was  developed  at  Battelle  to  generate 
square  waves  and  this  circuit  provides  a  control  to 
adjust  the  width  of  the  square  wave.  The  square 
wave  has  an  amplitude  of  85  V,  a  risetime  of  16  ns 
and  a  fall  time  of  12  ns.  The  pulser  has  an  out¬ 
put  impedance  of  approximately  13  ohms.  The 
pulser  has  a  width  control  which  was  adjusted  to 
give  a  maximum  rnsponse  from  a  quartz  block  sub'- 
merged  in  water  (a  duration  of  114  ns). 

If  we  review  the  theoretical  results  of  the 
previous  section,  then  there  should  be  a  6  dB 
difference  for  the  two  pulser  waveshapes.  Compari¬ 
son  of  the  two  pulsers  by  examining  the  responses 
from  a  quartz  block  Indicated  that  the  return  echo 
amplitude  and  shape  is  identical  in  both  cases 
(see  Fig.  6).  There  are  several  reasons  for  the 
discrepancy  (lack  of  6  dB  difference)  between  the 
theoretical  and  laboratory  results,  lhe  most 
important  reason  is  the  difference  between  the 
exponential  waveshape  which  is  generated  in  the 
lab  and  the  mathematical  exponential  wave  used  for 
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the  calculations  as  shown  In  Fig.  6.  The  mathe¬ 
matical  exponential  wave  has  an  infinite  risetime 
and  decays  exponentially  from  unity.  The  labora¬ 
tory  exponential  wave  is  rounded  and  does  not  start 
its  decline  for  approximately  30  ns.  If,  at  the 
50  ns  point,  the  exponential  is  projected  back  to 
find  the  peak  value,  then  the  exponential  would  be 
equivalent  to  starting  its  decline  from  120  V  at 
time  zero.  This  provides  an  additional  6  dB  of 
power  because  of  the  square  relationship  of  equa¬ 
tion  (1).  The  6  dB  of  additional  power  offsets 
the  theoretically  predicted  6  dB  loss  in  sensitivi¬ 
ty.  In  general,  the  shape  of  a  spike  pulse  will 
differ  considerably  for  reactive  loads  from  a  pure 
exponential  decay.  Thus,  a  spike  pulse  achieves 
improved  performance  by  providing  more  power  in 
the  pass-band. 

It  is  important  to  note  that  even  though  there 
is  no  sensitivity  improvement  (i.e.,  no  dB  improve¬ 
ment)  with  the  square  wave  pulser  under  ideal 
conditions  for  the  spike  pulser,  there  are  several 
very  attractive  reasons  wny  it  is  the  best  pulser 
to  use.  First  the  square  wave  pulser  does  not 


Fig.  6  Pulser  output  shape  and  return  echo  for 
(a)  square  wave,  and  (b)  sp’ke  (exponen¬ 
tial  . 


saturate  the  front  end  of  the  receiver  amplifier 
at  the  end  of  the  drive  pulse  because  the  pulse  is 
driven  to  and  held  at  0  V.  Consequently,  for 
contact  inspection,  the  near  surface  resolution  is 
substantially  improved.  Secondly,  the  square  wave 
pulser  can  be  easily  tuned  (via  width  control)  to 
the  operating  frequtncy  of  the  transducer  without 
affecting  the  voltage  amplitude,  the  waveshape  or 
the  output  impedance  of  the  pulser.  This  feature 
enhances  interchangeability  of  transducers  for 
producing  identical  UT  responses  from  calibration 
reflectros  and  defects. 

CONCLUSIONS 

The  analytical  study  using  the  constraint  of 
unit  energy  for  each  waveform,  leads  to  the  con¬ 
clusion  that  the  optimum  f(x),  sin  nx,  trapezoid 
(a  =  1/3)  and  the  triangle  wave  each  had  essential¬ 
ly  the  same  fraction  of  energy  in  the  40%  band¬ 
width.  As  the  number  of  half-cycles  of  the  trans¬ 
ducer  center  frequency  is  increased,  the  fractional 
energy  in  the  40%  bandwidth  increases. 

The  analytical  study  using  the  constraint  of 
unit  amplitude  for  each  waveform  leads  to  several 
conclusions.  The  first  conclusion  is  that  the 
square  wave  has  the  largest  total  energy  Et,  the 
sin  tix  wave  has  the  highest  efficiency  Ef  for 
getting  energy  in  the  pass-band  but  the  square 
wave  has  the  highest  pass-band  energy  Eg.  The 
second  conclusion  is  that  the  spike  pulse  exponen¬ 
tial  wave  has  6  dB  less  energy  in  the  pass-band 
than  the  square  wave. 

Experimental  results  for  the  square  wave  and 
the  exponential  wave  turned  out  to  be  identical. 

The  difference  between  the  mathematical  exponential 
and  the  experimental  exponential  pulse  results  is 
6  dB  more  power  in  the  pass-band,  thus,  equaling 
the  square  wave  configuration.  The  spike  pulse 
waveshape  is  typical  of  SCR  pulsers  and  provides 
the  power  in  the  pass-band  that  allows  them  to  work 
satisfactorily  into  a  reactive  load. 

The  square  wave  pulser,  on  the  other  hand, 
possesses  several  advantages  even  though  in  the 
particular  instance  studied,  no  sensitivity  im¬ 
provement  is  realized.  The  square  wave  pulser  re¬ 
duces  the  need  to  tailor  the  waveform  and  eliminates 
distortions  caused  by  the  exponential  decay,  thus 
providii  j  improved  near  surface  resolution  and  im¬ 
proved  UT  test  reporducibility.  Further,  the 
square  wave  pulser  can  be  optimized  to  the  operating 
frequency  of  the  transducer  by  tuning  without 
changing  the  electrical  impedance  or  other  electri¬ 
cal  properties  of  the  pulser  network.  However,  the 
operating  and  electrical  characteristics  for  the 
spike  pulser  change  with  adjustments  to  the  pulse 
duration. 
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APPLICATIONS  OF  LASER  LIGHT  PROBES  TO 
QUANTITATIVE  SENSING  OF  STRESS  WAVES 
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ABSTRACT 

The  recent  development  of  laser  light  probes  for  stress  wave  measurements  has  aided  our  understand¬ 
ing  of  acoustic  emission  and  ultrasonic  signals  by  allowing  quantitative  measurements  of  stress  wave¬ 
forms.  This  paper  reports  on  applications  of  the  laser  Interferometer  probe  for  surface  detection  of 
stress  waves  and  the  laser  transmission  probe  for  sensing  of  stress  waves  Inside  transparent  materials. 
Laser  light  probes  were  used  to  characterize  ultrasonic  and  acoustic  emission  transducers'  response 
In  a  realistic  configuration,  with  transducers  In  actual  contact  with  a  solid.  Laser  light  probes  also 
were  applied  In  directly  detecting  acoustic  emission  due  to  stress  corrosion  cracking  In  7039  aluminum 
and  crazing  of  Plexiglass.  The  results  of  the  laser  light  probe  measurements  Indicate  that  conventional 
piezoelectric  transducers,  although  adequate  for  many  ultrasonic  pulse  Inspection  tests,  are  severely 
limited  as  stress  pulse  sensors  for  acoustic  emission  measurements.  The  acoustic  emission  signals 
measured  by  the  laser  light  probe  showed  a  pulse-like  waveform  which  has  not  been  previously  recorded 
by  conventional  piezoelectric  acoustic  emission  sensors. 


INTRODUCTION 

In  almost  all  Industrial  applications, 
conventional  piezoelectric  transducers  are 
used  to  detect  acoustic  emission  and  ultra¬ 
sonic  transients  In  solid  materials.  As  the 
demand  for  accuracy  and  reproducibility  of 
nondestructive  tests  and  Inspection  methods 
Increases,  the  limitations  of  electromechan¬ 
ical  devices  such  as  piezoelectric  transducers 
are  becoming  more  noticeable  and  must  be 
specified. 

Industrial  piezoelectric  ultrasonic  trans¬ 
ducers  (see  Fig.  3)  are  complex  structures  of 
layered  active  and  passive  elements,  packaged 
into  a  small  unit  which  Is  coupled  to  the  work- 
piece  by  a  variety  of  impedance  matching  fluids. 
Because  of  the  contact  with  the  test  piece,  such 
devices  Inadvertently  mechanically  load  the  con¬ 
tact  surface  and  thus  change  the  test  piece  be¬ 
havior.  Also,  the  need  for  coupling  agents 
between  transducer  and  contact  surface  intro¬ 
duces  the  problem  of  reliable  test  repeatlbll Ity. 
However,  these  problems  are  only  secondary  to  the 
strong  need  for  Industry-wide  calibration  and 
standardized  comparison  of  different  ultrasonic 
and  acoustic  emission  transducer  units. 

To  be  able  to  address  some  of  the  above- 
mentioned  problems,  an  experimental  system  was 
developed  that  utilizes  laser  light  probes  to 
measure  stress  waves  In  solids.  The  combination 
of  laser  probes  with  digital  signal  capture 
and  computer  data  processing  enabled  accurate 
evaluation  and  analysis  of  the  piezoelectric 
transducers'  response.  Figure  1  Is  a  schematic 
representation  of  a  whole  test  system  that 
allowed  ultrasonic  or  acoustic  emission  signals 
to  be  measured  simultaneously  by  laser  probe 
and  piezoelectric  sensor. 

Two  types  of  laser  light  probes  were  used 
to  measure  a  physically  Identifiable  parameter 
associated  with  stress  wave  propagation.  A 
laser  transmission  probe  sensitive  to  material 


density  changes  was  used  to  n;»asure  bulk  ultra¬ 
sonic  waves  inside  transparent  test  specimens 
and  a  laser  Interferometer  probe  was  used  to 
measure  the  normal  surface  displacement  produced 
by  propagatlna  ultrasonic  waves.  The  perfor¬ 
mance  of  these  laser  light  probes  was  described 
In  other  publ 1cat1ons(l  ,2).  However,  It  Is 
Important  to  note  that  a  laser  probe  sensor  does 
not  alter  the  stress  waves,  produce  no  change 
In  mechanical  boundary  conditions,  and  has  no 
Intrinsic  frequency-response  limitations.  Thus, 
the  simultaneous  use  of  optical  probes  and  con¬ 
ventional  piezoelectric  transducers  enabled 
direct  signal  comparison  and  critical  evalua¬ 
tion  of  the  performance  limitations  exhibited  by 
piezoelectric  sensing  devices. 

ULTRASONIC  TRANSDUCER  CALIBRATION 

_ AND  CHARACTERIZATION 


Ultrasonic  transducers  mounted  on  the  face 
of  a  transparent  cube  test  block  (such  as  Plexi¬ 
glass)  were  evaluated  using  a  laser  transmission 
probe.  By  scanning  the  YZ  plane,  this  arrange¬ 
ment  allowed  the  polntwlse  measurements  of  the 
stress  pulse  waveform,  relative  pulse  intensity, 
and  arrival  time  at  all  test  block  locations. 
These  measurement'  were  then  used  to  Indicate 
the  transducers'  beam  profile  (near  field  [NF] 
and  far  field  [FF])  as  well  as  any  regions  of 
anomalous  nodal  lines  or  high  Intensities.  The 
three  dark  photographs  In  Fig.  2  are  Indicative 
of  the  signals  measured  at  the  three  different 
test  block  locations.  The  top  trace  is  the 
signal  from  the  piezoelectric  inspection  trans¬ 
ducer  and  the  bottom  trace  Is  due  to  the  signal 
sensed  by  the  laser  transmission  probe.  Note 
that  the  laser  probe  centered  on  the  block  shows 
the  first-signal-arrival-time  delay  of  1/4  of 
the  total  time  necessary  for  the  pulse  reflection 
to  return  to  the  transmitting  transducer.  Thus, 
the  centered  laser  probe  sees  stress  waves  twice 
as  often  as  the  surface  mounted  transducer  and 
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nicely  Illustrates  a  phase  shift  between  a  trans¬ 
mitted  and  a  reflected  ultrasonic  stress  wave 
packet.  The  off-center  signal  sample  by  the 
laser  transmission  probe  Is  used  to  demonstrate 
a  spread  of  the  stress  wave  packet.  The  signal 
observed  by  the  laser  probe  became  significant 
only  after  a  time  delay;  a  few  reflections  of 
the  ultrasonic  pulse  allowed  significant  widening 
of  the  original  stress  wave  packet. 

Beam  Intensity  assymetry  of  an  ultrasonic 
Inspection  transducer  Is  demonstrated  by  a  four- 
waveform  sample  taken  across  the  transducer  main 
beam.  Transducers  with  such  assymetrlc  beam 
Intensities  are  not  desirable  and  can  be  very 
troublesome  when  used  for  ultrasonic  Inspection. 
These  characteristics  sometimes  develop  only  when 
a  transducer  Is  In  contact  with  a  solid  and  cannot 
be  seen  with  conventional  1  Iquld-lnmerslon  trans¬ 
ducer-beam  profile  measuring  methods. 

In  general,  surface  laser  Interferometer 
probe  measurements  agree  with  transmission  probe 
Indications.  The  transducer  and  laser  Interfero¬ 
meter  probe  signals  shown  In  Fig.  2  are  compared 
In  frequency  domain.  The  power  spectra  of  the  two 
sensors  simultaneously  measuring  the  same  stress 
wave  are  similar  except  for  an  unavoidable  har¬ 
monic  peak  around  3  MHz  for  the  piezoelectric 
transducers. 

ACOUSTIC  EMISSION  TRANSDUCER 
CHARACTERIZATION 


The  response  and  accuracy  of  waveform  mea¬ 
surements  by  conventional  piezoelectric  trans¬ 
ducers  degrades  when  complicated  waveforms,  such 
as  acoustic  emissions,  are  encountered.  Figure  3 
Illustrates  the  test  dock  arrangement  used  to 
evaluate  acoustic  emission  transducers.  As  re¬ 
ported  In  other  publications,  this  design  (1,2,3) 
utilizes  a  glass  capillary  fracture  as  a  repeat- 
able  stress  wave  pulse.  The  stress  wave  signals 
generated  by  this  arrangement  have  been  analyzed 
theoretically  and  confirmed  experimentally.  For 
this  purpose,  the  test  block  was  used  as  a  stress 
signal  source  and  measured  by  a  laser  Interfero¬ 
meter  probe.  The  response  of  a  typical  piezo¬ 
electric  acoustic  emission  transducer  to  the  same 
stimulus  Is  also  shown.  The  difference  In  the 
signals  observed  are  more  easily  explained  by  a 
power  spectra  plot  of  the  signals  from  the  two 
measurements.  The  transducer  power  spectrum  peaks 
at  175  kHz,  which  was  the  resonant  frequency  of 
the  piezoelectric  element.  Thus,  the  complexity 
of  the  acoustic  emission  transducer  signal  output 
mostly  Is  characteristic  of  the  piezoelectric 
element  and  sensor  design,  thereby  masking  the 
true  stress  waveform  signal  present  In  the  test 
block. 

ACOUSTIC  EMISSION  MEASUREMENTS  USING 
LASER  INTERFEROMETER  PROBES 


The  laser  interferometer  probe  cun  be  used 
to  sense  and  characterize  stress  waves  directly. 
It  Is  especially  useful  for  complex  signals 
such  as  those  encountered  In  acoustic  emissions 
due  to  cracking  In  metals  or  crazing  of  polymers. 

Acoustic  emissions  were  generated  by  Ini¬ 
tiating  stress  corrosion  cracking  using  dilute 


sodium  chloride  solution  on  a  self-loaded,  double- 
cantilever  beam  specimen  made  from  7039  aluminum 
alloy.  The  observed,  fast  rise  time,  pulse-like 
waveforms  suggested  that  acoustic  emission  from 
stress  corrosion  cracking  Is  due  to  catastrophic, 
microscopic  fracture  events  inside  the  growing 
crack.  It  should  be  noted  that  these  signals 
have  not  been  observed  by  conventlonel  acoustic 
emission  methods. 

Similar  In  form,  but  much  slower  In  time 
(on  the  order  of  milliseconds),  are  acoustic 
emissions  due  to  polymer  crazing.  The  crazing 
of  Plexiglass,  Induced  on  the  surface  of  a  bend- 
loaded  test  bar,  generated  a  complex  acoustic 
emission  signal  lasting  a  few  milliseconds. 

The  complexity  of  this  signal (4)  was  Identified 
to  have  been  generated  by  reflections  of  stress 
waves  at  a  boundary  of  the  specimen  and  subse¬ 
quent  constructive  or  destructive  Interference 
of  the  waves  at  the  location  of  the  laser  Inter¬ 
ferometer  probe.  The  experimental  work  on  poly¬ 
mer  crazing  Is  still  in  progress  and  should  aid 
our  understanding  of  the  dynamics  of  the  failure 
mechanisms  In  polymer  materials  under  load. 

SUMMARY 

By  utilizing  laser  light  probes,  It  Is  now 
possible  to  accurately  sense  the  true  ultrasonic 
signal  waveform  In  solid  materials.  Therefore, 
laser  probes  can  be  used  to  critically  evaluate 
piezoelectric  transducer  response. 

In  multi -frequency,  complex,  stress  wave 
signal  measurements  such  as  acoustic  emissions, 
laser  light  probes  can  measure  stress  waveforms 
not  observable  by  piezoelectric  devices,  which 
exhibit  resonance-like  behavior. 
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LASER  INTE. AEROMETER  PROBE 


FIGURE  1 


ULTRASONIC  TRANSDUCER  CHARACTERIZATION  AND  CALIBRATION  BY  LASER  LIGHT  PROBES 


1.  Trsnsducer  can  be  evaluated  while  actually  In  contact  with  a  solid. 

2,  Bearn  profile  and  ultrasonic  stress  waveform  are  measured  in  bulk  and  on  the  surface. 
The  true  frequency  characteristics  of  the  device  are  determined. 

4.  Absolute  calibrations  can  be  achieved. 


FIGURE  2 
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ACOUSTIC  EMISSION  TRANSDUCER  CHARACTERIZATION  USIN6  LASER  INTERFEROMETER  PROBE 


1.  Transducer's  response  to  complex  stress  wavetorms 
encountered  in  acoustic  emission  work  can  be  evaluated. 

2.  Inadequacies  ot  conventional  piezoelectric  acoustic 
emission  sensors  are  demonstrated. 


TEST  BLOCK 


CROSS  SECTION  OF  A  PIEZOELECTRIC  TRANSDUCER 


Conclusions: 


IRC  Network  (optional) 


^  interferometer 


d 


•  the  acoustic  emission  transducer  does  not  respond  to 

STRESS  WAVEFORM  RESOLVED  WITH  INTERFEROMETER  PROBE 

•  ACOUSTIC  EMISSION  TRANSDUCER  SIGNAL  OUTPUT  IS  MOSTLY 
CHARACTERISTIC  OF  THE  PIEZOELECTRIC  ELEMENT  AND  SENSOR 
OESIGN. 


Z  MSEC  TIME  R'  CORO 

capillary  fracture 


FIGURE  3 
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ACOUSTIC  EMISSION  MEASUREMENTS  USING  LASER  INTERFEROMETER  PROBES 


STRESS  CORROSION  CRACKING  7039  AL 

ACOUSTIC  EMISSION  SIGNALS 


EXPERIMENTAL  ARRANGEMENT  FOR  MEASUREMENTS  OF  ACOUSTIC  EMISSIONS 
DUE  TO  CRAZING  OF  POLYMERS  (After  Djordievlc,  Murphy  et.  al.) 


IIIKtl  DlltlMNl  ACOUSTIC  (MISSION  [VENTS  IN  PMMA. 
MEASURED  EXPERIAIENTAH  Y 


TIIEORHICAI  MODUEO  IXAMPII  FOR.THE  OBSERVED  WAVFIORM  DUE  TO 
SUPERPOSITION  OF  TWO  CONSFCUTIVF  ACOUSTIC  FAMSSION  RUKSTS 
WITH  TIP  AMPlITUOE  RATIO  1:0.8  AND  I  IMF  QUAY  Al.  lAlter  Petcrlin, 


Djordjevic  cl.  al. » 


FIGURE  4 


A  NOVEL  DETECTOR  ARRAY  FOR  INDUSTRIAL  X-RAY  TOMOGRAPHY* 


P.  S.  Ong  and  H.T.  Huang 
University  of  Houston,  EE  Department 
Houston,  TX  77004 


ABSTRACT 

We  are  attempting  to  construct  a  simple  tomographic  instrument.  The  instrument  Is  intended  for  de¬ 
velopment  and  evaluation  of  a  novel  x-ray  sensitive  detector  array,  which  will  permit  a  line  resolution 
of  less  than  1mm.  The  system  can  be  constructed  as  an  array  of  500  to  1000  detectors  suitable  for 
energies  in  excess  of  1  MeV.  Each  individual  detector  can  be  addressed  separately  and  sequentially  by 
means  of  a  scanning  light  beam.  A  prototype  consisting  of  40  elements  has  been  built  and  Its  performance 
evaluated.  Oetails  of  its  construction  and  the  results  of  its  performance  will  be  presented. 


INTRODUCTION 

Present  CAT  equipment  is  designed  specifically 
for  medical  use,  where  the  object  to  be  examined 
consists  primarily  of  low  atomic  number  (Z)  ele¬ 
ments.  This  is  generally  not  suitable  for  samples 
which  consist  of  high  L  elements.  One  of  the 
reasons  is  that  the  detector  will  not  be  effective 
for  the  high  energy  photons  which  have  to  be  used 
to  penetrate  the  sample 

The  work  to  be  described  here  deals  with  a 
new  type  detector  system  which  can  be  constructed 
as  a  linear  array,  and  which  is  suitable  for  x-ray 
energies  in  excess  of  1  MeV. 

DESCRIPTION  OF  THE  NEW  DETECTOR 

The  first  stage  of  the  detector  system  con¬ 
sists  of  a  linear  array  of  small  narrow  scintilla¬ 
tors,  which  can  be  envisioned  as  a  stack  of  th^'n 
(0.5  -  1mm)  scintillators  (Csl,  GBO),  each  scin¬ 
tillator  representing  a  deparate  detector.  This 
is  depicted  in  Fig.  1.  The  width  w  can  be 
several  times  the  thickness  t.  The  depth 
dimension  d  is  chosen  so  that  the  scintillator 
will  absorb  say  90%  of  the  radiation. 


Fig.  1. 


The  second  stage  of  the  x-ray  detection  system 
is  a  converter  which  uses  amorpho  is  selenium  to 
convert  light  or  x-ray  photons  into  electron-hole 
pairs.  For  visible  light,  the  quantum  conversion 
efficiency  is  one  electron  per  photon.  It  has, 
therefore,  a  lOx  higher  quantum  efficiency  as  com¬ 
pared  with  the  first  stage  of  a  photomultiplier. 
However,  the  converter  does  not  have  internal 
amplification  and  requires  a  low  noise,  high  gain 
amplifier  to  further  process  the  signal.  The 
proposed  converter  can  be  constructed  In  such  a 
way  that  only  one  such  amplifier  is  required  for 
the  whole  scintillator  array.  This  is  accomplished 
by  use  of  light  activated  switches.  The  principle 
of  operation  of  the  proposed  converter  will  be 
discussed  with  reference  to  Fig.  2. 


Fig.  2 


*Work  supported  by  the  Energy  Laboratory  of  the 
University  of  Houston. 
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Basically  the  converter  consists  of  a  sub¬ 
strate  onto  which  are  deposited  narrow  inter- 
digitated  electrodes  E.  Each  of  the  electrodes 
represents  a  separate  detector.  On  top  of  the 
electrodes  are  two  separate  but  adjacently  located 
narrow  selenium  strips,  running  perpendicular  to 
the  electrodes.  One  of  the  selenium  strips,  W, 
is  designed  to  record  (write  the  photon  Image) 
tie  other,  R,  to  read  the  recorded  Image.  Both 
selenium  layers  have  a  semi-transparent  conductor 
E,  and  £-  on  the  surface.  In  the  dark,  each 
converter  element  of  the  device  can  be  represented 
as  two  capacitors  in  series.  One  of  the  inter- 
digitated  electrodes  E  serves  as  the  center 
electrode.  All  detector  elements  are  connected 
in  parallel  by  means  of  the  surface  electrodes. 
When,  in  the  absence  of  light,  a  voltage  is 
applied  across  the  two  surface  electrodes,  a  volt¬ 
age  will  develop  across  each  of  the  selenium 
layers,  which  is  inversely  proportional  to  its 
capacitance.  Directing  a  light  beam  on  the  R 
layer  effectively  short-circuits  it,  thus  the 
applied  voltage  is  now  found  across  the  W  layer. 
This  condition  is  maintained  when  the  light  beam 
is  turned  off.  Photons  from  the  scintillators 
which  are  directed  to  the  W  layer  will  generate 
charge  carries  which  results  in  a  voltage  drop 
in  each  of  the  affected  interdlglted  electrodes. 
This  voltage  modulation  across  the  detector  system 
can  subsequently  be  read  by  sequentially  illumina¬ 
ting  the  R  surface  with  a  scanning  light  beam. 

The  output  is  a  video  signal.  In  practice,  the 
scintillator  can  act  as  the  substrate  and  the  two 
selenium  layers  can  be  deposited  on  top  of  each 
other  separated  by  the  interdigited  electrodes. 
Such  a  geometry  is  illustrated  in  Fig.  3. 


Another  possible  geometry  is  shown  in  Fig.  4, 
where  separate  "Write"  selenium  layers  are  located 
between  the  stacked  scintillators.  Here,  each 
scintillator  channel  is  coated  on  one  side  with  a 
reflective  coating,  and  on  the  other  side  with  the 
three  layers  E^ ,  W,  and  E. 

Photons,  generated  within  each  channel  enters 
(through  E.)  into  the  active  selenium  layer  as 
long  as  th4  angle  of  Incidence  does  not  exceed 
the  critical  angle  (ray  1).  The  reflector  on  the 
opposite  side  of  the  selenium  reflects  the  light, 
which  otherwise  would  have  escaped,  back  onto  the 
selenium  surface  (ray  3).  The  light  (ray  2)  which 
is  totally  reflected  by  the  scintillator  interface, 
E,  tends  to  escape  from  the  surface  perpendicular 
ti  the  selenium  surface.  Some  of  this  may  still  be 
captured  by  shaping  these  surfaces  as  shown  in 
Fig.  4  (ray  4) . 


^-SCINTILLATOR 

/TRANSPARENT 
ELECTRODE  E. 


-SELENIUM  W 

ELECTRODE  E 


TOP  VIEW 
Of  ARRAY 


Fig.  4 

When  the  photosensitive  W  layer  is  much  larger 
than  the  thickness  of  the  scintillator,  the  area  of 
the  selenium  which  receives  light  due  to  x-ray 
photons  is  quite  localized.  By  subdividing  the 
electrode  E,  in  the  depth  direction  of  the  x-ray 
is  being  absorbed.  Since  ttie  depth  distribution 
of  the  absorption  is  closely  related  to  the 
x-ray  energy,  the  various  subelectrodes  of  the 
channels  exhibit  a  different  energy  response. 

This  method  is  similar  to  the  technique  used  by 
Kaplan  et  al  (Nucl.  Inst.  Mech.  106,  397,  1973) 
in  the  split  electrode  xenon  detector. 


Fig.  3 
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ABSTRACT 

In  many  industrial  NDE  applications  pulsed  electromagnets  may  be  more  desirable  than  large  static 
electromagnets  or  permanent  magnets  for  magnetic  biasing  of  electromagnetic  acoustic  transducers  (EMAl's). 
Since  electromagnetic  acoustic  transduction  is  confined  to  one  skin  depth  at  the  operating  frequency  of 
the  EMAT,  the  transduction  efficiency  can  be  enhanced  by  the  dynamic  concentration  of  the  magnetic  flux 
near  the  surface.  This  paper  describes  a  number  of  physical  phenomena  associated  with  EMAT  generation 
under  pulsed-magnetic-field  bias.  In  particular,  it  is  observed  that  for  maximum  transduction  efficien¬ 
cies  the  ultrasonic  pulse  must  be  retarded  relative  to  the  initiation  of  the  current  pulse  to  the  electro¬ 
magnet  windings.  A  second  maximum  in  the  transduction  efficiency  is  observed  when  the  pulsed  magnet-EMAI 
system  is  operated  on  ferromagnetic  steel  (1020).  The  second  maximum  is  associated  with  magnetostrictive 
effects.  Operation  of  pulsed  magnet-EMAT  systems  at  elevated  temperatures  (400°C)  is  demonstrated  on 
aluminum. 


INTRODUCTION 


PULSED-MAfiNET  SYSTEM  DESIGN 


The  use  of  a  large,  pulsed  current  to  generate 
a  biasing  field  is  well  suited  to  EMAT  appl  i  rations , 
where  the  ultrasonic  system  need  to  be  active  only 
for  the  relatively  short  period  of  time  when  the 
ultrasonic  waves  arc  in  the  immediate  vicinity  of 
the  transmitter  and  receiver  transducers.  In 
practice,  much  of  the  time  between  pulses  is  not 
used  for  usefu1  inspection  processes  because  one 
must  wait  for  the  acoustic  reverberations  to 
dampen  out.  During  this  time,  the  coil  can  be 
switched  off,  allowing  much  of  the  heat  generated 
in  the  electromagnet  by  the  large  current  pulse  to 
dissipate.  Much  higher  peak  currents  can  therefore 
be  obtained  in  a  pulsed  electromagnet  than  in  a 
static  magnet,  of  the  same  size.  Another  advantage 
of  using  a  pul sed-magnetic  bias  on  the  EMAT  arises 
from  the  fact  that  the  eddy  currents  induced  in  the 
surface  of  the  metal  part  by  pulsed  fields  act  to 
oppose  the  applied  field  and  lead  to  a  time  de¬ 
pendent  flux  concentration  at  the  surface.  Since 
the  electromagnetic  transduction  action  is  confined 
to  a  thin  surface  layer  of  uepth  equal  to  the 
electromagnetic  skin  depth  at  the  EMAT -coll -drive 
frequency,  this  dynamic  concentration  of  flux  can 
be  used  to  enhance  the  efficiency  of  the  transducer. 
Obviously,  such  enhancement  will  depend  stronglv  on 
the  geometry  of  the  pulsed  electromagnet,  the  con¬ 
ductivity  and  permeability  of  the  surface  material 
and  the  shape  of  the  current  pulse  to  the  coil.  In 
this  paper  a  number  of  practical  pul sed-magnet-EMAT 
configurations  are  descrioed  and  the  relationship 
between  the  ultrasonic  transduction  efficiency  and 
time  development  of  the  pulsed  magnetic  field  is 
studied  experimentally  on  aluminum  and  ferromag¬ 
netic  steel  samples.  In  addition,  the  coeration  ot 
a  pul sed-magnet-EMAT  system  is  demonstrated  at  ele¬ 
vated  sample  temperatures  (400°C). 


Pulsed  electromagnets,  just  as  static  electro¬ 
magnets,  obey  the  fundamental  magnet  design  rules 
which  relate  the  magnetomotive  force  (ampere-turns 
in  the  coil),  the  magnetic  flux  and  the  reluctance 
of  the  total  magnetic  circuit.  However,  when  a 
pulsed  electromagnet  is  operated  in  the  vicinity  of 
a  (ferromagnetic)  conductor,  the  reluctance  can  be 
expected  to  be  time  dependent.  Little  control  can 
be  exercised  over  the  magnetic  reluctance  of  the 
sample  being  magnetized  by  the  pulsed  electromagnet, 
but  the  reluctance  of  the  pulsed  coil  can  be  sig¬ 
nificantly  reduced  by  using  a  ferromagnetic  core 
constructed  of  insulated  laminations  to  reduce 
retardation  of  the  magnetic  pulse  by  eddy  current 
effects . 

A  simple  design  formula^  can  be  used  to  relate 
the  magnetic  flux  density  in  the  air  gap  (neg¬ 
lecting  dynamic  effects)  to  tha  electrical  param¬ 
eters  of  the  discharge  circuit: 

8  =  K0S  0) 

where  B  is  the  average  value  of  the  magnetic  field 
ir  the  air  gap  beneath  the  center  post,  Vp  is  the 
discharge  voltage  of  the  capacitor  bank,  N  is  the 
number  ov  turns  in  the  coil,  A  is  the  effective 
area  of  the  air  gap,  and  u>0  is  the  characteristic 
frequency,  (LC)->/2,  of  the  current  pulse.  The 
parameters  K,  S,  and  D  account  for  the  finite  re¬ 
luctance  of  the  magnetic  circuit  outside  the  air 
gap,  the  uniformity  of  the  magnetic  field  and  the 
dissipation  (damping)  rate  of  the  discharge, 
respectively.  For  a  critically  damped  circuit,  the 
factor  D  is  1/n.  The  factors  K  and  S  are  less  than 
one  and  must  be  determined  experimentally.  Typical 


*Work  performed  while  both  authors  were  with  the  Albuquerqu.  Development  Laboratory,  Science  Center,  Rockwe 
International  Corporation,  Albuquerque,  MM  87106. 
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values  are  0,25  and  0,50,  respectively.  It  Is  seen 
From  Eq.  (1)  that  trade-offs  can  be  made  by  varying 
the  .alues  of  the  capacitor  bank,  the  nunber  of 
turns  in  the  coil,  N,  and  the  charging  voltage,  VQ. 
However,  practical  design  values  are  established  ° 
primarily  by  the  voltage  and  current  breakdown 
characteristics  of  the  capacitor  bank  and  the 
switch.  Although  it  would  be  advantageous  to 
generate  very  short  magnetic  pulses  (large  «0),  to 
make  use  of  magnetic  field  enhancement  by  dynamic 
effects,  practical  values  for  the  coil  inductance, 

L,  and  the  energy  storage  capacitor,  C,  limit  this 
approach . 

Some  of  the  design  parameters  of  two  laminated- 
core  electromagnets  are  summarized  in  Table  1, 
below.  Both  electromagnets  used  "E-core"  trans¬ 
former  grade  laminations  of  0.5  mm  (0.020  ir..) 
thickness  and  were  wound  with  #14  AWG  Insulated 
copper  wire.  A  flux-sensing  coil  was  also  attached 
to  the  center  post  of  the  core.  The  coll  was  used 
in  conjunction  with  a  Hiller  integrator  circuit  to 
determine  instantaneously  the  average  value  of  the 
magnetic  flux  in  the  air  gap  bened  the  center 
post  of  the  pulsed  electromagnet. 


Two  electronic  circuits  were  used  to  drive  the 
pulsed  electromagnets  for  various  EMAT  and  sample 
configurations .  The  first,  shown  in  Fig.  2,  was 
designed  around  a  commercial  "magnet  charger"  unit 
in  which  up  to  70,000  pF  of  capacitance  at  up  to 
500  volts  could  be  discharged  into  a  coil.  This 
system  was  designed  for  operation  on  non-ferromagnetic 
materials  where  dynamic  enhancement  of  surface 
fields  was  not  significant  and  very  large  peak 
values  of  the  magnetic  field  would  be  needed. 

Here,  a  separate  transmitter  and  receiver  EMAT  were 
used.  For  the  second  case,  shown  in  Fig.  3,  the 
emphasis  was  placed  on  achieving  faster  rise  times 
at  the  expense  of  less  total  energy  delivered  to 
the  bias-magnet  coil.  In  this  case,  a  special 
trans'istor  switch  discharged  a  2,000  pF  capacitor 
at  100  volts  into  the  coil.  This  circuit  was 
primarily  used  on  ferromagnetic  materials,  where 
dynamic  anhancement  of  the  fields  was  predominant, 
and  it  utilized  a  transmit/receive  (T/R)  switch  so 
that  only  one  EMAT  coil  needed  to  be  used  for  both 
tlie  transmitter  and  receiver  functions.  Both  of 
these  circuits  incorporated  a  delay  circuit  to 
trigger  the  EMAT  transmitter  at  an  adjustable  delay 


TA8LE  1 

Physical  dimensions  (in  mm)  of  Two  laminated  Core 
Electromagnets  Used  for  Pulsed-Magnet  EMAT  Studies 


Core 

Dimensions 

Center  Post 

Coil 

Space 

Weight 

Length 

Depth  Height. 

Width 

Width 

Heiqht 

(jjgl 

86 

38  67 

23 

15 

41 

1.35 

66 

23  44 

22 

11 .5 

30.5 

0.54 

Figure  1  shows  a  cross  sectional  view  of  one 
of  the  electromagnets  in  Table  1.  Although  the 
configuration  illustrated  in  Figure  1  shows  the 
transducer  under  the  center  post  of  the  "E-core", 
this  arrangement  was  not  practical  when  the  pulsed 
magnet  was  operated  on  ferromagnetic  malal  parts. 
Instead,  the  preferrad  location  for  the  EMAT  was 
between  the  center  pest  of  the  “E-core"  and  one  of 
the  side  po: ts  to  take  advantage  of  the  strong 
dynamic  effeits  in  fer -omagnetic  materials. 
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Fig.  1.  Cross  section  of  the  E-Cure  electromagnet 
used  in  the  pui sad-curren'c  mode  to  gen¬ 
erate  the  magnetic  field  bias  for  EMAT 
coils.  As  a  consequenca,  the  magnetic 
field  under  the  center  post  of  the  core 
is  reduced,  but  the  tangential  field 
between  the  center  and  side  posts  of  the 
core  is  substantially  increased. 


Fig.  2.  Block  diagram  of  the  pulsed  electro- 

magnet-EMAT  system.  A  commercial  "magnet 
charger"  supplied  the  large  pul  sod  current 
and  the  ultrasonic  transmitter  could  be 
triggered  at  an  adjustable  time  delay 
after  the  start  of  the  current  pulse. 
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Fig.  3.  Block  diagram  of  the  pul sed-electromagnet- 
EMAT  system  for  generating  high-rise¬ 
time-current  pulses. 

time  after  the  initiation  of  the  pul sed-magnet 
current,  so  that  the  ultrasonic  Interrogation  of 
the  sample  could  be  carried  out  while  the  pulsed 
magnetic  field  was  at  its  maximum  value. 

OPERATION  ON  ALUMINUM 

To  demonstrate  the  excitation  and  detection  of 
ultrasonic  waves  in  non-ferromagnetic  metals  (such 
as  aluminum),  an  EMAT  coil  was  designed  to  launch 
bulk  longitudinal  waves  when  placed  in  the  tangen¬ 
tial  magnetic  field  of  pulsed  magnet.  Figure  4 


Fig.  5.  Spiral  pancake  EMAT  coil  with  a  0.2  mm 
copper  foil  shield  to  localize  the  eddy 
current  distribution  at  the  surface  of  the 
sample. 

coil  and  magnet  configuration  by  plotting  the 
amount  of  signal  received  by  a  piezoelectric- 
transducer  probe  positioned  at  various  angular 
locations  on  the  curved  surface  of  the  cylinder. 
Examples  of  the  measured  longitudinal-wave-radiation 
patterns  are  shown  in  Figs.  6  and  7.  The  beams 
were  generated  using  the  pancake  transducer  shown 
in  Fig.  5  at  1 .8  MHz.  Figure  6  shows  the  angular 
distribution  of  the  ultrasonic  beam  for  the  case 
in  which  the  short  axis  of  the  transducer  (9.7  mm) 
lies  In  the  plane  of  Fig.  4.  Figure  7  shows  the 
angular  distribution  of  the  beam  when  the  long 
axis  of  the  transducer  (18.7  mm)  lies  in  the  plane 
of  Fig.  4.  The  beam  widths,  calculated  from  a 
simple  antenna  model  of  ±  19°  and  ±  10°  are  shown 
as  dashed  lines  on  Figs.  6  and  7.  Although  there 
is  scatter  in  the  data  of  Fig.  6,  the  small  width 
of  the  aperture  radiation  pattern  observed  is  in 


i 

i 
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Fig.  4.  Experimental  configuration  for  measuring  the  transduction  efficiency  and  radiation  patterns  of 
pulsed-magnet-EMATs  on  aluminum. 

shows  the  total  experimental  configuration  in  which  reasonable  agreement  with  theory.  Figure  7 
the  aluminum  specimen  was  a  naif  cylinder  of  30.5  mm  appear^,  to  show  a  narrower  beam  than  predicted 
(12  in.)  radius  and  15.2  cm  (6  in.)  height.  The  because  of  minima  at  e  *  ±  6  degrees.  A  beam  that 

EMAT-coil  configuration  is  shown  in  figure  5  with  is  narrower  than  expected  could  be  interpreted  as 
a  copper  shield  to  limit  the  area  over  which  the  arising  from  fringing  eddy  currents  that  extend 

coil  would  induce  eddy  currents  in  the  aluminum.  beyond  the  limits  of  the  wires  in  the  F.MAT.  The 

Hence,  the  active  area  of  the  transducer  Is  the  directivity  patterns  of  Fig.  6  and  7  demonstrate 

area  of  exposed  coil  windings.  This  EMAT  and  that  the  pul sed-magnet-EMAT  system  behaves  qua  1 i - 

pulsed  electromagnet  were  used  in  conjunction  with  tatively  as  expected  from  the  point  of  view  of  a 

the  circuit  shown  in  Figure  2,  The  choice  of  a  simple  antenna  model, 

large  half  cylinder  of  aluminum  was  made  to  enable 
measurement  of  the  radiation-pattern  of  any  EMAT 
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Fig.  6.  Radiation  pattern  observed  from  the 
pulsed  magnet,  longitudinal -wave¬ 
generating  EMAT  shown  in  Fig.  5  when  the 
long  axis  of  the  EMAT  laid  in  the  plane 
of  the  figure. 


Fig.  Radiation  pattern  observed  from  the 

pulsed  magnet,  longitudinal  wave  gener¬ 
ating  EMAT  shown  in  Fig.  5  when  the  long 
axis  of  the  EMAT  laid  in  the  plane  of  the 
figure. 

In  order  to  study  the  dynamics  of  exciting 
ultrasonic  waves  by  EMATs  under  pul sed-magnetic- 
field  bias,  the  delayed  trigger  portion  of  the 
circuit  of  Fig.  2  was  utilized.  The  transmitter 
EMAT  was  energized  witn  a  tone  burst  of  1.8  MHz 
after  a  controlled  delay  relative  to  the  initiation 
of  the  large  current  pulse  in  the  electromagnet. 
Thus,  the  ultrasonic  wave  was  launched  at  a  con¬ 
trolled  time  in  the  development  of  the  pulsed 
magnetic  field  and  a  measurement  of  the  ultrasonic 
signal  amplitude  could  then  be  used  to  determine 
the  magnetic  field  that  is  actually  interacting 
with  the  1.8  MHz  eddy  currents  to  excite  the  ultra¬ 
sonic  wave.  Fiqure  8  shows  the  configuration  of 
EMAT,  pulsed  electromagnet  and  aluminum  test  spec¬ 
imen  used  for  these  experiments.  Because  of 
fringing  magnetic  fields,  both  longitudinal  and 
shear  wave  signals  were  generated.  They  could  be 
discriminated  and  treated  separately  because  of 
their  different  transit  times  in  pulse-echo  experi¬ 
ments.  The  duration  of  the  magnetic  pulses  was  ap¬ 
proximately  10  ms,  and  the  maximum  magnetic  induc¬ 
tion  obtained  in  the  air  gap  under  the  center  post 
of  the  core  was  usually  between  .8  T  and  1.4  T,  de¬ 
pending  on  the  electromagnet. 


Fig.  3.  Experimental  arrangement  used  to  excite 
high  amplitude  ultrasonic  wavts  in  thick 
aluminum  billets. 

Figure  9  summarizes  the  results  of  the  tests 
oerfcrmed  on  the  aluminum  test  samples  of  20.3  cm 
(8  in.)  thickness.  The  amplitudes  of  the  first  and 
second  set  of  reflections  are  shown,  as  a  function 
of  time  delay  between  the  initiation  of  the  current 
pulse  in  the  coil  of  the  pulsed  magnet  and  the 
launching  of  the  ultrasonic  pulse.  The  first  re¬ 
flection  signal  was  due  to  longitudinal  waves  prop¬ 
agating  at  approximately  6.3  km/s,  while  the  second 
reflection  contains  both  a  shear  wave  signal  (prop¬ 
agating  at  approximately  3.1  km/s)  and  the  doubly- 
reflected  longitudinal  wave  signal. 


MILUSECOND5 


Fig.  9.  Development  of  the  magnet  Induction  and 

the  ultrasonic  signals  in  a  20.5  cm  (S  in.) 
aluminum  billet  in  response  to  the  current 
pulse  in  the  electromagnet  coil. 

Because  of  the  inhomogeneous  natui e  of  the 
pulsed  magnetic  fields,  it  was  not  possible  to 
excite  only  the  longitudinal  wave.  The  1-  to  2- 
mlllisecond  delay  between  the  peak  magnetic  induc¬ 
tion  In  the  air-gap  and  the  peak  in  the  ultrasonic 
reflections  from  the  bottom  of  the  sample  can  be 
attributed  to  the  effect  of  the  pulse-induced  eddy 
currents  in  the  aluminum  retarding  the  diffusion  of 
the  magnetic  field  into  the  skin  depth  region  of 
the  aluminum  where  the  acoustic  waves  npnpratpH 
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MAGNETIC  INDUCTION,  tMla 


This  delay  cannot  be  explained  In  terms  of  the 
ultrasonic  wave  travel  time  because  the  round-trip 
transit  time  for  longitudinal  waves  in  a  20.3  cm 
(8  in.)  billet  is  only  64.5  microseconds. 

As  a  demonstration  of  the  pulsed-electromagnet- 
EMAT  system's  sensitivity  to  defects  in  thick- 
section  structures,  a  2.5  cm-(l  in.)  deep,  0.63  cm- 
(1/4  in.)  diameter,  flat-bottom  hole  was  drilled  in 
the  bottom  of  the  aluminum  billet.  The  pulse-echo 
reflection  from  the  bottom  surface  of  the  billet  in 
the  absence  of  the  hole  is  shown  in  Fig.  10a. 

Figure  10b  shows  the  pulse-echo  reflection  from  the 
same  sample  after  the  flat  bottom  hole  had  been 
introduced.  The  horizontal  scale  in  both  photo¬ 
graphs  is  10  ps/div.  and  the  vertical  scale  is  0.1 
volts/div.  The  electronic  RMS  noise  level  is 
approximately  10  mV.  The  start  of  the  ultrasonic 
pulse  was  3.75  milliseconds  after  the  initiation  of 
the  current  pulse  to  the  magnet.  It  can  be  seen 
that  the  reflected  signal  from  the  flat  bottom  hole 
is  approximately  ten  times  the  noise  level  and, 
hence,  can  he  easily  detected.  The  dynamic  effects 
that  cause  concentration  of  the  magnetic  flux  near 
the  surface  of  the  metal  part  were  not  observed  to 
be  very  important  in  the  case  of  aluminum  because 
of  the  length  of  the  current  pulses  to  drive  the 
electromagnets.  It  would  be  advantageous  to  use 
shorter  pulses  whose  duration  is  approximately  the 
same  as  that  of  the  ultrasonic  signal.  However, 
this  cannot  be  accomplished  with  laminated  iron 
core  electromagnets  because  the  lamination  thick¬ 
ness  would  have  to  be  unpractically  small. 

OPERATION  ON  FERROMAGNETIC  STEELS 


The  high  permeability  of  ferromagnetic  samples 
significantly  lowers  the  reluctance  of  the  magnetic 
circuit,  lhe  lower  reluctance  of  the  total  mag¬ 
netic  circuit  results  in  a  large  reduction  in  the 
pulsed  electromagnet  drive  level  requirements.  The 
high  \  leabllity  of  the  sample  also  enhances  the 
dynamii  effects  resulting  in  higher  transduction 
efficiencies.  The  transduction  mechanism  can  also 
be  enhanced  by  the  magnetostrictive  response  of  the 
ferromagnetic  matv_,'ial. 

Previous  EMAT  studies  on  iron  have  shown  that 
there  is  a  large  peak  in  EMAT  efficiency  when  t^e 
magnetic  bias  is  tangential  to  ttje  iron  surface  at 
approximately  2.4-1CP  amperes/m/  To  examine  the 
effect  with  pulsed  EiiATs,  an  experimental  arrange¬ 
ment  was  used  in  which  a  meander-oil  EMAT  (shown  in 
Fig.  11)  was  placed  on  a  1.25  cm-(l/2  in.)  thick 
plate  of  1020  steel.  When  driven  at  1.8  MHz,  the 
EMAT  launches  a  shear  wave  beam  into  the  plate  at  a 
35  degree  angle  relative  to  the  surface  normal .  An 
EDM  notch  1.25  cm  (0.5  in.)  long  and  0.72  mm 
(0.03  in.)  deep  on  the  opposite  side  of  the  plate 
was  positioned  to  reflect  the  shear  wave  back  to 
the  EMAT.  Because  of  the  reduced  drive  requirement 
the  circuit  of  Fig.  3  could  be  used  to  energize  the 
coil  of  the  electromagnet. 


(10a) 


(10b) 


Fig.  10.  Echo  signals  observed  when  the  1 .3z  kg- 
pulsed-electromagnet  was  used  to  launch 
and  detect  ultrasonic  pulses  in  (a)  a 
20,3  cm  (8  in.)  long  aluminum  billet 
containing  no  simulated  flaws  and 
(b)  the  same  bar  with  a  2.4  cm  (1  in.) 
deep,  0.63  cm  (1/4  in.)  diameter,  flat- 
bottom  hole  drilled  into  the  bottom. 


When  the  meander  coil  EMAT  was  placed  in  the 
(nominally)  tangential  magnetic  field  between  the 
legs  of  the  E-core  electromagnet  and  triggered  at  a 
controlled  time  after  the  initiation  of  the  magnet 
pulse,  the  results  shown  in  Fig.  12  were  obtained, 
In  Fig.  12  the  time  development  of  magnetic  flux  In 
the  gap,  the  current  in  the  coll,  and  the  amplitude 
of  the  1.8  MHz  angle-shear-wave  signal  reflected 
from  the  EDM  notch  are  plotted  as  a  function  of 
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Fig.  11.  Meander  coil  EMAT. 


z 

o 


a 

D 


O 


IU 

z 

o 

< 


Fig.  12.  Time-dependence  of  the  ultrasonic  shear 
wave  signal  and  the  magnetic  induction 
under  the  center  of  tile  "E-core"  that 
result  from  the  current  pulse  shown  when 
applied  to  a  ferromagnetic  plate. 

time  after  triggering  the  pulsed  magnet.  The  most 
interesting  feature  of  these  data  is  that  the 
amplitude  of  the  ultrasonic  flaw  signal  exhibits  a 
double  peak;  the  first  maximum  occurs  at  approxi¬ 
mately  50  microseconds,  and  the  second  maximum 
occurs  approximately  850  microseconds  after  the 
start  of  the  current  pulse.  The  first  maximum  is 
caused  by  magnetostrictlve  enhancement  of  the 
transduction  process  when  the  magnetic-field  build¬ 
up  is  concentrated  near  the  surface  by  dynamic 
effects.  This  peak  was  not  observed  in  non- 
ferromagnetic  samples.  The  second  peak  in  the 
reflected  ultrasonic  amplitude  is  observed  when  the 
magnetic  field  has  had  sufficient  time  to  distri¬ 
bute  itself  uniformly  throughout  the  thickness  of 
the  plate.  Figure  13  compares  the  reflected  ultra¬ 
sonic  signals  from  the  same  flaw  obtained  by 
biasing  the  meander  coil  EMAT  by  means  of  the 
1.35  kg  pulsed  electromagnet  and  a  large,  45  kg 


(13a) 


(13b) 

Fig.  13.  Oscilloscope  trace  photographs  comparing 
the  ultrasonic  signals  reflected  from  the 
same  1.5  mm  (0.03  in.)  deep  EDM  notch  in 
1.25  cm  (1/2  In.)  thick  plate  when  using 
a  1.35  kg  pulsed  electromagnet  (top)  and 
a  45  kg  static  electromagnet  (bottom). 

static  electromagnet  when  the  coil  currents  were 
both  adjusted  to  produce  the  maximum  magnetostrlc- 
tive  enhancement.  It  should  be  noted  that  the 
absolute  amplitudes  of  both  signals  are  the  same, 
as  are  the  signal  to  noise  ratios.  The  background 
ultrasonic  signals  due  to  excitation  of  other 
acoustic  plate  modes  are  different  because  the 
large  static  electromagnet  produced  a  very  uniform 
field  distribution  in  the  plate  while  the  small 
pulsed  electromagnet  had  fringing  fields  that  could 
launch  other  acoustic  beams  into  the  plate. 

In  summary,  high  quality  ultrasonic  pulses 
were  generated  with  the  relatively  modest  energy 
input  of  2  millijoules  in  a  physically  small 
electromagnet  by  taking  advantage  of  the  dynamic 
effects  that  occur  in  ferromaynetic  metals,  con¬ 
centrating  the  available  magnetic  flux  near  the 
surft.ee.  The  maximum  average  magnetic  flux  density 
observed  In  the  air  gap  was  1.4  T.  Attainment  of 
higher  flux  densities  would  only  be  possible  ly 
completely  saturating  the  core  of  the  pulsed  magnet 
and  the  metal  part.  Consequently,  the  optimum  EMAT 
configuration  for  operation  on  ferromagnetic 
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materials  should  take  advantage  of  the  tangential 
magnetic  field  bias  and  magnetostrlctlve  signal 
enhancement.  This  configuration  also  results  In 
minimum  pul sed-electromagnet-drlve-current  require¬ 
ment. 

OPERATION  AT  ELEVATED  TEMPERATURES 

The  experimental  set-ups  of  Figures  2  and  8 
were  used  to  demonstrate  the  ability  of  pulsed- 
magnet-EMAT  systems  to  operate  over  aluminum  sur¬ 
faces  held  at  elevated  temperatures.  The  experi¬ 
mental  parameters  were  identical  to  those  used  for 
Inspecting  aluminum  billets  at  room  temperature, 
except  for  the  setting  of  the  time  delay  between 
the  initiation  of  the  current  pulse  to  the  coil  of 
the  pulsed  electromagnet  and  the  ultrasonic  pulse 
to  the  transmitter  EMAT,  In  order  to  obtain 
maximum  signal  levels,  a  shorter  time  delay  (4 
milliseconds  vs  4.5  milliseconds}  had  to  be  used 
because  of  the  faster  diffusion  of  the  magnetic 
field  into  the  hot  aluminum  sample.  Ttie  sample 
surface  temperature  was  held  at  approximately 
40C°C.  Only  a  2  dC  difference  in  the  signal  levels 
was  observed  between  the  room-temperature  and 
el evated-temperature  data.  The  experimental  set-up 
is  illustrated  in  Fig.  14  and  an  oscilloscope  trace 
of  the  ultrasonic  signals  is  shown  in  Fig.  15. 

The  oscilloscope  trace  of  Fig.  15  can  be  compared 
directly  with  the  trace  of  Fig.  10a  which  shows  the 
room  temperature  data. 


Fig.  14.  Experimental  set-up  used  to  inspect 

aluminum  billets  at  elevated  temperatures 
(400%) . 

CONCLUSIONS 

Compact  pulsed  electromagnets  can  replace 
large  static  electromagnets  in  many  EMAT  systems. 

In  addition  to  the  considerable  reduction  in  bulk, 
such  systems  would  also  require  less  electrical 
energy,  because  the  pulsed  magnet  coil  currents 
need  only  be  switched  on  when  the  ultrasonic  signals 
are  in  the  vicinity  of  a  transducer.  Considerable 
reductions  in  peak  coil  current  requirements  can 
also  be  realized  when  pul sed-magnet-tMAT  probes  are 
operated  on  ferromagnetic  samples  because  trans¬ 
duction  mechanisms  are  strongly  enhanced  by  magneto- 
strictive  and  dynamic  effects.  However,  for  optimum 
transduction  efficiencies,  the  Initation  of  the 
ultrasonic  signal  must  be  retarded  relative  to  the 
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Fig.  15.  Echo  signals  observed  when  the  1.35  kg 
pulsed  electromagnet  was  used  to  launch 
and  detect  ultrasonic  pulsed  in  a  20.3  cm 
(8  in.)  aluminum  billet  held  at  400°C. 

beginning  of  the  current  pulse  to  the  coil  of  the 
pulsed  electromagnet.  Pul sed-magnet-EMAT  probes  can 
also  be  operated  at  elevated  temperatures  (400°C). 
The  results  point  to  many  prospective  applications 
in  the  nondestructive  evaluation  (NDE)  of  hot  metal 
parts  in  the  steel  and  aluminum  industries. 
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ABSTRACT 

The  detection  of  laboratory  grown  fatigue  cracks  In  the  second  layer  of  aircraft  wing  lap  joint 
fastener  holes  Is  demonstrated  with  EMATs  (electromagnetic  acoustic  transducers).  Operating  at  a  200  kHz 
central  frequency,  the  EMATs  employ  acoustic  waves  In  reflection  and  transmission  to  measure  the  presence 
of  both  fatigue  cracks  and  loose  fasteners.  A  minicomputer-based  data  acquisition  and  analysis  system 
acquires,  gates,  apodizes  and  Fourier  transforms  each  received  time  waveform.  The  resulting  spectra  are 
then  compared  to  the  spectra  of  uncracked  holes  with  tight  fasteners  to  determine  the  presence  of  a  crack 
or  loose  fastener.  A  method  for  distinguishing  the  difference  between  a  crack  and  a  loose  fastener  Is 
demonstrated.  A  suggested  design  for  a  fleldable  Instrument  capable  of  the  same  abilities  Is  presented. 


INTRODUCTION 

A  major  problem  In  aircraft  maintenance  Is  the 
detection  of  cracks  growing  from  fastener  holes  In 
wing  lap  joints.  As  shown  In  Fig.  1,  the  problem 
Is  particularly  difficult  In  the  lower  half  of  the 
joint,  where  direct  measurement  Is  obscured  by 
Intervening  metallic  and  sealant  layers.  The 
former  Is  opaque  to  all  but  low  frequency  eddy 
currents,  whereas  the  latter  has  a  variable,  and 
often  high,  attenuation  for  ultrasonic  waves  In 
the  MHz  frequency  range. 


TH[  mom  fm 

TO  DETECT  CRACKS  IN  LOWER  PLAtE  OF  WIND  LAP  JU1N1 


WING  LAP  JOINT 


Fig.  1  The  problem:  to  detect  cracks  in  the 
lower  plate  of  a  wing  lap  joint. 


The  five-month  study  described  herein  followed 
a  previous  study  (1)  which  demonstrated  the  feasi¬ 
bility  of  using  horizontally  polarized  shear 
ultrasonic  waves  to  detect  saw  slots  placed  In 
fastener  holes  in  the  lower  member  of  the  joint. 
The  sample  employed  was  a  full  scale  mockup  of  the 
lower  member  machined  out  of  a  single  piece  of 
aluminum  24  Inches  long.  As  shown  In  Fig.  2,  the 
waves  were  Injected  Into  the  lap  joint  region  by  a 
couplant  free  EMAT  (electromagnetic-acoustic 
transducer)  placed  on  the  exposed  portion  of  the 
lower  half  of  the  joint.  The  energy  propagated 
around  the  discontinuities,  Interrogated  the 
fastener  region,  and  returned  to  a  receiving  EMAT 
probe.  An  analog-based  Fourier  transform  signal 
processor  analyzed  the  experimental  data.  Saw 


Fig.  2  Placement  of  EMATs  and  relevant  acoustic 
beam  paths:  previous  study. 


slots  originating  at  the  fastener  holes  were 
successfully  detected  and  the  ultrasonic  response 
quantified  In  terms  of  slot  length.  The  primary 
limitations  of  that  study  Included  a  high  noise 
level,  the  lack  of  an  opportunity  to  study  real 
fatigue  cracks  In  assembled  wing  joints,  and  the 
lack  of  an  opportunity  to  explore  procedures  which 
could  be  adapted  to  changes  In  part  geometry. 

The  objectives  of  the  present  phase  were 
threefold; 

1.  To  achieve  refinement  of  the  system  developed 
in  Ref.  1,  and  to  establish  procedures  to 
distinguish  flaw  responses  from  sample- 
geometry-determined  changes  In  the  ultrasonic 
response. 

2.  To  prepare,  and  use  In  experiments,  a  minimum 
of  three  fully  assembled  wing  joint  specimens, 
two  of  which  would  contain  laboratory  grown 
interior  layer  corner  fatigue  cracks. 

3.  To  develop  a  preliminary  configuration  design 
of  an  EMAT  system  suitable  for  field  Inspec¬ 
tion  of  wing  lap  joints  for  such  cracks. 

For  additional  Information  on  this  or  the 
prior  phase,  the  complete  reports  are  available 
from  the  National  Technical  Information  Service. 
Request  parts  I  and  II  of  AFWAL-TR-80-4081, 
"Investigation  of  an  EMAT-based  system  for  the 
detection  of  bolt  hole  type  cracks." 


535 


APPROACH 


B.  System  Refinement 


A.  Summary 

In  order  to  achieve  the  above  objectives,  the 
following  program  was  conducted.  First,  the  pre¬ 
viously  used  apparatus  was  modified  In  several 
ways  to  Improve  the  quality  and  reproducibility  of 
the  experimental  data.  These  Included  changes  In 
probe  design,  probe  positioning  hardware,  and 
signal  processing  techniques. 

In  order  to  verify  that  the  new  apparatus  was 
functioning  properly  and  represented  an  Improved 
capability,  a  series  of  experiments  were  performed 
on  the  unassembled  mock-up  sample  used  In  the  pre¬ 
vious  study.  The  successful  results  represented  a 
completion  of  the  first  half  of  objective  1. 

A  set  of  four,  fully  assembled  samples  were 
then  constructed  and  assembled  to  evaluate  the 
technique.  Two  contained  0.030  In.  (.076  cm)  and 
0.100  In.  (0.254  cm)  corner  fatigue  cracks  In  the 
lower  half  of  the  lap  joint,  grown  In  a  laboratory 
MTS  load-cycling  machine  under  tension-tension 
fatigue  conditions.  These  two  samples  lacked  the 
stiffening  rib  to  obtain  fabrication  savings.  A 
third  sample  was  a  section  of  an  actual  wing  lap 
joint  In  which  corner  EDM  notches  of  the  same 
dimensions  had  been  placed.  The  fourth  was  the 
previously  used  mock-up,  now  fully  assembled  for 
the  first  time,  which  contained  saw  slots  of 
various  lengths. 

Experiments  were  then  performed  on  the 
assembled  samples.  The  results  Indicated  that  the 
spectral  differences  between  the  cracked  and 
uncracked  holes  were  reduced  upon  assembly  to  a 
level  which  would  be  difficult  to  reliably  detect. 
Hence,  some  recent  developments  In  acoustic  theory 
were  applied  In  order  to  gain  a  deeper  understand¬ 
ing  of  the  problem.  The  result  of  that  effort 
pointed  toward  some  new  experiments  which  proved 
to  be  more  successful  In  this  problem. 

A  number  of  results  on  the  slotted  samples  and 
cracked  samples  are  described  In  detail  In  Rtf.  1. 
Howeve”,  the  most  significant  finding  Is  that  the 
0.100  in  (0.254  cm)  fatigue  crack  and  radial  EDM 
notches  were  reliably  detected  using  several  dif¬ 
ferent  techniques,  completing  the  performance  of 
objective  2.  The  0.030  In.  (0.076  cm)  fatigue 
crack  was  also  detected,  but  with  lower  reliabil¬ 
ity.  Further  work  is  needed  for  this  size  of  flaw 
before  reduction  to  practice  can  be  serlous’y  con¬ 
templated.  in  addition,  a  technique  was  also 
defined  which  allowed  the  same  procedure  to  be 
applied  to  samples  of  different  geometry.  This 
represents  a  partial  attainment  of  the  second  half 
of  objective  1-  However,  some  more  work  Is 
required  before  a  completely  unambiguous  technique 
for  differentiating  flaws  from  geometrical 
responses  Is  attained.  Finally,  going  beyond  the 
Initial  objectives,  a  technique  was  found  for 
identifying  loose  fasteners. 

Eased  on  these  results,  a  preliminary  config¬ 
uration  design  and  Inspection  procedure  have  been 
prepared,  completing  the  performance  of  objec¬ 
tive  3.  These  are  reported  on  briefly  In 
Section  IV.  In  tie  AFWAL  reports  mentioned  above, 
a  proposed  program  to  reduce  this  technique  to 
practice,  using  the  cited  configuration  and  pro¬ 
cedure,  Is  presented. 


The  system  was  first  refined  to  Imp-ove  the 
quality  and  reproducibility  of  the  experimental 
data.  Included  therein  were  three  major  changes. 
First,  the  central  operating  frequency  was  lowered 
from  250  kHz  to  200  kHz.  This  placed  the  operat¬ 
ing  point  further  below  that  point  at  which  higher 
order  modes  of  the  lap  joint  plate  would  propagate 
and  produce  Interfering  signals  (see  Appendix  of 
Ref.  1).  It  also  was  designed  to  place  the  inter¬ 
ference  null,  used  In  the  previous  stu<ty  for  flaw 
detection  and  sizing,  at  the  center  of  the  trans¬ 
ducer  passband  rather  than  at  Its  edge  (for  the 
geometry  of  the  original  mock-up  sample).  Second, 
an  Improved  positioning  apparatus  was  constructed 
to  allow  higher  quality  data  to  be  attained  at 
multiple  angles.  This  was  needed  for  studies 
aimed  at  separating  flaw  from  geometric  responses. 
Finally,  a  digital  signal  processing  system  was 
employed  which  eliminated  the  previously  observed 
fluctuations  In  system  outputs,  produced  a  higher 
slgnal-to-nolse  ratio  through  signal  averaging, 
and  allowed  much  greater  flexibility  In  data 
analysis. 

1.  Probes  -  Four  EMATs  ( electromagnetic - 
acoustic  transducers)  were  fabricated  to  generate 
or  receive  ultrasonic  horizontally  polarized  shear 
waves  In  aluminum,  propagating  at  a  grazing  angle 
to  the  surface.  These  were  Implemented  as  one 
transmitter  and  three  receivers.  Appropriate 
analog  electronic  circuits  were  constructed  for 
the  generation  of  a  5-cycle  tone  burst  anti  the 
amplification  of  the  received  signal. 

2.  Probe  Positioning  -  Two  new  goniometers 
were  constructed,  one  of  plastic  and  one  cf  brass/ 
aluminum.  These  were  used  to  accurately  and 
repea tably  position  the  probes  with  respect  to  the 
fastener  holes  and  lap  joint.  The  brass  device 
was  designed  for  more  precise  control  of  the 
angles  (+17  mr)  and  positions  (+0.5  mm)  of  the 
EMATs.  The  plastic  device  was  used  as  a  prototype 
of  a  hand-held  fixture  such  as  might  be  used  In 
the  field. 

3.  Signal  Processing  -  Using  chase  goniom¬ 
eters,  three  transmitter-receiver  configurations 
were  employed  In  the  program  (Fig.  3).  The  ultra¬ 
sonic  resdlts  from  each  of  these  varied  as  a  func¬ 
tion  of  angles  a,  p,  and  •*,  Data  was  analyzed  on 
a  digital  signal  processing  system  consisting  of  a 
Data  General  S200  mlnlcomputer-Biomctlon  8100  com¬ 
bination  operating  under  the  control  of  the 
Interpretive  Signal  Processing  (ISP)  Program. 

This  system  was  created  at  the  Science  Center  and 
is  unique  in  the  field  of  NDE.  ISP  Is  a  large 
multitasking  program  which  runs  on  the  S200  under 
the  conwand  of  an  external  terminal.  It  Is 
tailored  for  flexible  data  collection  and  signal 
processing  applications  and  capable  of  over  40 
distinct  operations  Inducing  several  for 
graphics.  It  vas  designed  and  developed  at  the 
Science  Center  and  is  constantly  being  upgraded 
for  new  NDE  applications. 

C.  Fabrication  of  Samples 

Four  samples  were  utilized  In  experiments 
reported  here  and  are  described  in  Ref.  1  In 
detail.  A  large  fraction  of  the  fabrication 
effort  was  performed  at  another  division  of 
Rockwell,  the  North  American  Aircraft  Division 
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Fig.  3  Sketch  of  transducer  configurations. 


(NAAD),  for  reasons  of  efficiency  and  the  avail¬ 
ability  of  machine  shop  time  and  particular 
machines  needed. 

1.  Actual  Wing  Section  -  This  Is  the  actual 
wing  section  provided  for  the  previous  study  In 
which  a  saw  slot  had  been  Introduced  at  one  of  the 
fastener  holes  (#19).  To  aid  In  comparison  of  EDM 
notches  with  fatigue  cracks  this  sample  was  dis¬ 
assembled  and  two  more  flaws  were  created.  These 
were  radial  corner  EDM  notches  about  0.010"  in 
width.  One  was  0.100"  long  and  was  placed  at  a 
hole  In  a  region  at  hole  #16  In  a  region  of  fairly 
constant  geometry.  Fig.  4a  shows  a  cross- 
sectional  view  of  the  notch  geometry.  Further¬ 
more,  In  reassembling  this  section,  the  fastener 
In  hole  #4  was  omitted  and  hole  #23  was  drilled 
slightly  oversize.  This  was  done  to  provide 


examples  of  loose  fasteners.  The  reassembly  of 
this  and  the  other  samples  was  done  In  a  manner 
very  similar  to  that  used  for  actual  wings.  This 
sample,  In  contrast  to  the  laboratory-created 
samples,  had  relatively  large  geometrical  varia¬ 
tions  In  the  bond  joint  dimensions  over  Its 
length. 

2.  Wing  Section  Mock-up  -  The  lower  half  of 
this  sample  was  the  full  geometry  aluminum  mock-up 
fabricated  for  the  previous  study  with  five  saw 
slots  of  various  lengths.  A  mating  upper  half  was 
constructed  and  tapered  holes  were  drilled  In  each 
half  to  admit  the  special  fasteners.  The  actual 
assembly  of  this  specimen  was  delayed  until  after 
initial  studies  had  been  performed  on  the  fatigued 
samples  described  next. 
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a)  CORNER  EDM  NOTCH 
R  =  0.100".  0.030” 
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b)  100  mil  FATIGUE  CRACK 
ACTUAL  L  *0.110"  10.010“ 
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cl  30  mil  FATIGUE  CRACK 
ACTUAL  L  ■  0.035“  ±  0.010" 


Fig.  4  Cross-sectional  views  of  the  radial 
corner  notches  and  fatigue  cracks, 
a)  corner  EDM  notch,  b)  100  rail  fatigue 
crack:  estimate,  c)  30  mil  fatigue  crack: 
estimate 


3.  Fatigued  Samples  -  This  contract  required 
two  samples  with"  simulated  Induced  service  fatigue 
cracks  at  the  fastener  holes.  Consultation  with 
Dr.  0.  Buck  then  at  the  Science  Center  but  now  at 
the  Ames  Laboratory  at  Iowa  State  University 
yielded  a  plan  for  creating  such  fatigue  cracks. 
The  full  fabrication  of  these  samples  involved 
over  ten  separate  steps.  It  took  three  months  and 
cost  approximately  $6,000  per  sample.  In  the 
opinion  of  the  authors  of  this  report,  those 
figures  are  the  minimum  which  could  possibly  be 
expected  of  any  similar  future  fabrication. 

The  drawings  necessary  for  fabrication  are 
reproduced  In  Ref.  1.  First,  material  was 
obtained  for  both  the  upper  and  lower  sections  of 
the  joint  for  each  specimen  to  be  fatigued.  The 
lower  sections  had  to  be  wide  enough  on  each  end 
to  provide  an  area  where  the  MTS  load- cycling 
machines  could  connect.  The  first  machining  steps 
provided  a  narrowed  region  with  a  pilot  hole  and 
an  EDM  notch  which  would  start  a  fatigue  crack 
under  cycling  (the  "pre- fatigue  shape").  In  addi¬ 
tion,  two  spacer  pieces  of  aluminum  were  con¬ 
structed  for  each  end  of  each  lower  section  to 
provide  a  fit  to  the  MTS  grips.  These  parts  and 
the  section  ends  were  allodyned  and  bonded 
together  before  being  drilled  to  accept  the  grip 
bolts.  The  fatigue  cycling  was  performed  over  a 
range  of  5  to  50  thousand  pounds  of  tension  with  a 
0.5  Hz  cycle  rate.  Crack  Initiation  required  7600 
cycles  on  one  specimen  and  11,200  cycles  on  the 
other.  The  cracks  could  be  easily  measured  under 
50,000  pounds  of  tension.  They  were  allowed  to 
grow  long  enough  that  drilling  the  final  taper 
hole  would  leave  them  near  the  nominal  dimensions 
of  0.030  Inch  and  0.100  Inch  (0.076  cm  and 
0.254  cm).  After  the  correct  crack  length  was 
reached,  the  lower  sections  underwent  finish 
machining,  and  the  upper  sections  were  con¬ 


structed.  The  tapered  holes  were  drilled  by 
bolting  the  upper  and  lower  sections  together  at 
each  end  and  drilling  them  at  the  same  time. 

Two  methods  of  confirming  the  length  of  the 
fatigue  cracks  after  final  drilling  were  used. 

They  were  etched  and  viewed  under  a  microscope 
directly,  and  then  they  were  treated  with  a 
fluorescent  penetrant  and  viewed  under  a  micro¬ 
scope  again.  Photographs  of  the  cracks  are  shown 
In  Ref.  1.  Figures  4b  and  4c  show  an  estimation 
of  the  cross-sectional  area  of  these  cracks  based 
on  the  observations  made  under  the  microscope. 

The  absence  of  the  stiffening  rib  from  these 
samples  was  motivated  by  the  excessive  cost 
Involved  and  a  much  greater  risk  of  falling  to 
place  a  fatigue  crack  In  the  desired  location.  It 
Is  justifiable  since  from  the  studies  in 
Section  IV  of  Ref.  1  It  is  known  that  the  rib 
reflection  occurs  well  after  the  time  window  of 
interest. 

D.  Initial  Experiments 

In  order  to  verify  that  the  new  apparatus  was 
functioning  properly,  the  results  of  the  previous 
study  on  unassembled  specimens  were  successfully 
repeated.  Those  results  are  described  In  Ref.  1 
compared  quite  favorably  to  expectations. 

However,  after  assembly  of  the  fatigued 
specimens  a  crucial  experiment  was  performed  on 
the  sample  with  the  nominal  0.100"  fatigue 
crack.  The  transducer  configuration  was  that 
shown  In  Fig.  3a  with  p  =  45°.  This  Is  the  same 
configuration  as  that  used  successfully  with  the 
unassembled  samples.  The  results  are  shown  In 
Fig.  5  with  the  curves  scaled  to  be  of  approx¬ 
imately  the  same  peak  height  for  the  purpose  of 
comparison.  The  spectra  In  Fig.  5  show  only  a 
very  small  systematic  difference  between  hole  #9, 
the  hole  with  a  0.100"  fatigue  crack,  and  the 
other  holes.  This  difference  did  not  appear  large 
enough  to  serve  as  a  reliable  estimate  for  the 
presence  of  a  crack,  and  Indie 'ted  that  this 
transducer  configuration  might  not  be  satisfactory 


Fig.  5  Initial  spectral  results  for  the 

(assembled)  specimen  with  a  0.100  Inch 
fatigue  crack. 
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for  success  In  the  field  where  only  fully 
assembled  wing  lap  joints  are  encountered. 

The  ability  to  find  a  fatigue  crack  of  this 
length  In  an  assembled  specimen  of  uniform  geom¬ 
etry  Is  a  minimum  standard  of  performance  which 
must  be  achieved  In  any  transducer  configura¬ 
tion.  Since  the  configuration  which  worked  well 
for  the  unassembled  mock-up  did  not  generalize  to 
the  fully  assembled  structure,  an  optimization 
procedure  was  sought.  Ideally,  this  should  be 
based  on  an  examination  of  the  mechanisms  of  the 
Interaction  of  acoustic  energy  with  the  fastener 
hole  In  much  greater  detail  for  this  complex 
geometry.  As  described  In  the  following  section, 
it  was  found  that  some  recent  developments  In 
acoustic  theory  (Ref.  2)  could  be  applied  to  this 
problem  to  provide  a  framework  for  understanding 
the  dependence  of  the  flaw's  reflection  coeffi¬ 
cient  on  the  angle  of  the  Incoming  acoustic 
beam. 

E,  Development  of  Analytical  Basis  for  Probe 

Optimization  and  Confirming  Experiments 

1.  Theoretical  Background 

The  basic  approach  used  here  Is  the  scattering 
theory  work  In  Ref.  2.  It  applies  to  the  SH 
acoustic  waves  employed  In  this  report.  The  cen¬ 
tral  concept  Is  an  expression  for  the  reflection 
coefficient  for  scattering  of  an  acoustic  beam 
from  a  void  In  a  material.  Suppose  r  Is  the 
signal  propagated  between  a  transmitter  and  a 
receiver  In  the  absence  of  a  void.  Then,  If  a 
void  Is  present,  this  will  change  by  an  amount  sr 
given  by 

«r=Tf  f  V  .  RT  .  n  ds  (1) 

w  void  — -  _ 

surface 


where  the  presuperscript  refers  to  the  transducer 
used  to  generate  the  elastic  fields  and  the  post 
prime  Indicates  the  void  Is  assumed  to  be  present. 

Thus  V_  Is  the  material  displacement  at  the 
surface  of  the  void  when  It  Is  Illuminated  by  the 
transmitting  transducer  driven  by  a  power  P,  n  Is 
a  unit  vector  normal  to  the  surface  of  the  voTd, 

p 

and  T  Is  the  material  stress  that  would  be  pro- 
ducecTat  the  mathematical  location  of  the  void 
surface  if  the  void  was  absent  and  the  region  was 
Illuminated  by  an  electrical  power  P  applied  to 

D 

the  receiving  transducer.  Similarly,  u  which 
will  be  used  In  the  following  discussion;  Is  the 
material  displacement  at  the  mathematical  surface 
of  the  void  with  the  void  absent,  as  Illuminated 
by  the  receiving  transducer. 

For  the  case  of  a  crack  at  a  bolt  hole  Eq.  (2) 
can  be  simplified  and  placed  In  a  form  containing 
direct  measureables.  To  do  so.  It  can  be  noted 
that,  for  a  crack,  the  Integrations  on  the  left 
and  right.  Consequently,  Eq.  (2)  can  be  simpli¬ 
fied  Into  the  form 


«r  *  ^  f  V  .  .  n  ds,  (2) 

surface 
!y  *  +  e) 


where  e  Is  small  with  respect  to  the  radius  of  the 
fastener  hole  and  the  quantity  Tau‘  Is  defined  by 

Tau  1  e  Tu  *(y  -  +  s)  -  Tu  *(y  -  -  e)  . 

,  y  y  y  (3) 

au  '  can  be  physically  Interpreted  as  the  opening 
of  The  crack  Induced  by  the  applied  stress  field. 
In  order  to  further  simplify  Eq.  (3),  It  Is 

desirable  to  relate  Tau'  to  the  applied  load. 

This  can  be  done  by  notl ng  that,  when  the  crack  Is 
small  with  respect  to  the  ultrasonic  wavelength, 
the  crack  opening  Is  given  by 


Tauy'(x,z)  «  KU.zl'r^x-a)  (4) 


where  the  factor  K  can  be  determined  from  static 
elasticity  solutions  and  Is  a  function  of  crack 
length.  This  Is  known  as  the  quasi -static 
approximation.  Substitution  of  Eq.  (4)  Into 
Eq.  (1)  yields  the  result 

dr  *  TTyy(x«a)RT^(x«a)  f  dxdz  K(x,z) 

Surface  ,c> 

(y  =  e+)  (5) 


Discussion  of  the  remainder  of  the  analytical 
effort  falls  beyond  the  scope  of  this  report  but 
Is  given  In  Ref.  1.  However,  the  practical  Impli¬ 
cations  of  the  analysis  and  the  experiments  which 
were  performed  to  confirm  It  Included  an  Increased 
understanding  of  acoustic  field  behavior  In  the 
crack  region,  and  the  realization  that  angles  of 
Incidence  different  from  the  previously  studied 
case  of  g  =  45°  could  yield  a  better  differen¬ 
tiation  of  the  cracked  hole. 

Armed  with  this  knowledge,  two  more  configura¬ 
tions  were  employed  (Figs.  3b  and  3c)  to  yield 
useful  results;  these  are  reported  In  the  follow¬ 
ing  sections. 


RESULTS 

The  results  reported  here  are  extracted  from 
the  final  report,  Ref.  1,  since  there  Is  space 
only  for  the  most  significant  of  these  results. 
Three  basic  experiments  are  reported  below,  one 
for  each  of  the  configurations  shown  In  Fig.  3. 

A.  Transmission  Measurements  With  Two  Probes 

Figure  3b  shows  the  configuration  of  trans¬ 
ducers  employed  In  this  meausrement.  Acoustic 
energy  was  directed  at  the  hole  from  one  side  of 
the  lap  joint,  and  received  on  the  other  side.  In 
order  to  be  received,  the  SH  waves  were  forced  to 
travel  through  the  actual  wing  lap  joint.  Some  of 
this  coupling  was  no  doubt  provided  by  the 
sealant,  and  some  was  provided  by  the  fastener. 

The  spectral  plots  obtained  at  each  fastener  hole 
position  are  shown  In  Fig.  6  for  several  of  the 
holes  In  the  actual  wing  sample.  At  holes  #2j  (a 
loose  fastener)  and  #4  (a  missing  fastener),  less 
than  half  the  acoustic  energy  was  transmitted 
across  the  lap  joint  and  the  Interference  notch  at 
0.21  MHz  for  the  tight  fastener  holes  Is  not 
present.  Hole  #5,  directly  next  to  hole  #4,  also 
seems  to  be  somewhat  affected.  Notice  that  the 
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Fig.  6  Amplitude  versus  frequency  for  trans¬ 
ducer  configuration  of  Fig.  3b  -  actual 
wing  sample. 


effect  of  a  loose  fastener  In  this  configuration 
was  much  larger  than  the  effect  of  aqy  notch  or 
slot  (Included  In  the  tight  fastener  set)  and  was 
not  strongly  Influenced  by  the  geometrical  varia¬ 
tions  In  this  sample,  which  were  rather  large  (see 
Ref.  1).  This  technique  was  used  on  the  mockup 
wing  section,  where  some  fasteners  were  also 
loosened,  with  equally  good  results.  Thus  It 
appears  that  this  transducer  configuration  would 
be  likely  to  yield  a  capability  for  discovering 
loose  fasteners  In  a  large  variety  of  wing  lap 
geometries.  Since  for  a  loose  fastener  the  amount 
of  acoustic  energy  transmitted  Is  strongly  damped 
and  the  Interference  notch  Is  eliminated,  the 
signature  for  a  loose  fastener  should  be  corres¬ 
pondingly  easy  to  recognize. 

B.  Three-Probe  Measurements 

A  second  set  of  experiments  employed  the 
transducer  configuration  shown  In  Fig.  5c.  This 
was  motivated  by  the  need  to  find  a  configuration 
which  would  be  less  sensitive  to  the  geometry  of 
the  wing  lap  joint  than  those  previously  studied. 
Motivated  partly  by  the  theoretical  analysis,  the 
signal  from  one  of  the  two  receiver  transducers 
was  subtracted  from  the  other  and  the  frequency 
spectrum  of  the  result  found. 

It  might  Initially  be  thought  that  this  dif¬ 
ference  would  vanish  for  a  crack  normal  to  the 
plate  edge  by  symmetry.  However,  close  exam¬ 
ination  shows  that  for  shear  waves,  the  two 
receiver  positions  are  not  equivalent  since  the 
transducer  polarization  defines  a  preferred  direc¬ 
tion.  Moreover,  It  can  be  Intuitively  argued  that 
the  degree  of  this  difference  Is  a  measure  of 
crack  size. 

In  order  to  obtain  a  reproducible  spectrum, 
extreme  care  was  necessary  In  the  alignment  of  the 
receiver  signals.  This  Is  because  the  difference 
signal  Is  generally  quite  small,  and  It  Is  sensi¬ 
tive  to  any  errors  In  transducer  positioning  as 
well  as  to  the  presence  of  a  crack.  In  general, 


features  In  frequency  spt.ee  would  not  repeat  from 
one  data  collection  to  another  unless  the  signal 
alignment  was  better  than  1%  of  the  period.  This 
tolerance  was  met  using  a  simple  loop  feature  of 
ISP  to  replot  the  signals  from  each  transducer 
until  the  correct  mechanical  location  was 
secured.  Figure  7  exhibits  the  results  for  the 
0.100  In.  fatigue  crack.  The  cracked  hole  Is  #9 
and  displays  a  significantly  different  signature 
from  the  other  non-cracked  holes. 
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Fig.  7  Amplitude  versus  frequency  for  trans¬ 
ducer  configuration  of  Fig.  3c  -  sample 
with  0.100  Inch  crack. 


The  signature  appears  as  a  significantly 
depressed  spectrum,  as  If  constructive  Inter¬ 
ference  Is  occurring  over  the  whole  frequency 
range  as  well  as  at  200  kHz.  A  similar  result, 
although  not  as  large,  was  obtained  In  the  sample 
with  a  0.030  Inch  crack.  Applied  to  the  actual 
wing  section,  the  phenomenon  of  a  depression  or 
notch  at  200  kHz  was  again  correlated  with  the 
hole  being  flawed.  However,  this  technique  did 
not  work  on  the  full  aluminum  mockup  with  saw 
slots.  This  was  due  to  the  fact  that  the  fraction 
of  transmitted  acoustic  energy  was  three  times 
smaller  than  In  the  other  samples.  The  resulting 
signal  to  noise  ratio  was  too  small  and  the  noise 
destroyed  the  capability  of  this  configuration  to 
find  the  saw  slots.  The  short  length  of  time  left 
In  the  contract  did  not  permit  any  Investigation 
of  the  reasons  for  the  loss  of  transmission  In 
this  sample.  Therefore,  the  efficacy  of  this 
method  and  this  transducer  configuration  must  be 
left  as  an  open  question.  It  Is  possible  that 
each  geometry  has  Its  own  particular  signature  for 
non-cracked  holes  and  that  signature  would  have  to 
be  established  before  cracked  holes  could  be  Iden¬ 
tified.  Nevertheless,  the  success  this  configura¬ 
tion  exhibited  with  the  range  of  geometrical 
variation  In  the  first  three  samples  Is  striking, 
and  It  may  be  the  most  likely  starting  point  for 
future  Investigations. 

A  final  comment  Is  that  the  configuration  3c 
Is  probably  sensitive  to  the  quality  of  the  seal 
at  the  fastener  hole  being  Interrogated.  This 
should  be  kept  In  mind  when  assessing  the  useful¬ 
ness  of  this  configuration. 
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The  theoretical  analysis  prompted  another  set 
of  exploratory  experiments,  using  the  configura¬ 
tion  of  Fig.  5a  but  varying  e,  keeping  a  fixed  at 
90°.  The  very  encouraging  result  for  the  0.100 
In.  (0.254  cm)  fatigue  crack  was  that,  at  @  *  50°, 
a  difference  even  In  the  time  waveforms  could  be 
observed.  Figure  8a  shws  signals  from  five  dif¬ 
ferent  fastener  locations  for  this  sample.  The 
plots  are  over  a  very  narrow  time  window,  centered 
on  a  value  corresponding  roughly  to  the  center  of 
the  fastener  hold.  The  cracked  hole  (#9)  Is 
marked  with  dashes  and  It  stands  out  nicely  from 
the  rest.  Figure  85  snows  the  Fourier  transforms 
of  these  signals  over  a  40  us  window  centered  at 
75  ps.  Hole  #9  does  not  have  as  deep  an  Inter¬ 
ference  notch  as  the  other  four  fastener 
locations. 
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Fig.  9  Fatigued  sample  with  0.100  In.  crack, 

holes  7  through  11,  transducer  configura¬ 
tion  5b,  p  «  50°.  Normalized  amplitude 
versus  frequency. 


Fig.  8  Fatigue  sample  with  0,100  In.  crack, 

holes  7  through  11,  transducer  configura¬ 
tion  5b,  8  *  50°.  (a)  Amplitude  versus 

time;  (b)  amplitude  versus  frequency  for 
55  to  95  ns  time  window. 


A  straightforward  and  fleldable  method  of 
quantifying  this  effect  Is  to  average  the  fre¬ 
quency  spectra  from  the  nearby  uncracked  holes  In 
that  sample  and  divide  by  this  average.  This 
operation  was  performed  In  the  minicomputer  on 
data  from  both  specimens  with  fatigue  cracks. 
Figure  9  shows  the  results  for  the  specimen  with  a 
0.100  In.  (0.254  cm)  crack  and  Fig.  10  shows  the 
results  for  the  0.030  In.  (0.076  cm)  crack.  Holes 
#7,  8,  10,  and  11  In  each  sample  are  not  cracked; 
thus  the  statistical  sample  for  this  geometry  con¬ 
sists  of  10  holes,  8  of  which  are  uncracked  and 
serve  as  a  measure  of  the  range  of  systematic 
variation  or  noise. 

In  each  of  these  figures,  the  normalization 
leads  to  a  display  which  would  have  a  constant 
value  of  ur.lty  If  all  holes  were  Identical.  The 
destruction  of  a  null  Is  Indicated  by  a  peak  In 
the  normalized  plot  for  that  hole.  For  the 
0.100  In.  fatigue  crack  sample  date  shown  In 
Fig.  9  such  a  large  peak  occurs  at  hole  #9,  which 
was  In  fact  the  cracked  hole.  Lesser  peaks  occur 


In  the  plots  for  holes  #10  and  11.  These  presum¬ 
ably  are  a  result  of  a  lack  of  reproducibility  In 
the  sample  preparation  and/or  measurement  tech¬ 
nique.  To  a  degree,  they  can  be  differentiated 
from  true  signals  by  shape  criteria,  e.g.,  note 
the  skewing  of  the  peak  for  hole  #11.  Beyond 
this,  they  represent  the  sensitivity  limit  of  the 
system. 

Similar  results  for  a  0.030  Inch  hole  are 
shown  In  Fig.  10.  There  again,  the  cracked  hole 
#9  Is  Indicated  by  a  peak  occurring  at  about 
0.2  MHz.  The  peak  Is  smaller  In  magnitude,  some¬ 
what  asymmetric,  and  Is  comparable  In  size  to  the 
structure  In  holes  #8  and  #11.  Again,  It  appears 
that  It  could  be  distinguished  by  the  size  and 
shape  of  the  peak. 

It  will  also  be  noted  that  all  of  the  plots 
vanish  at. both  low  and  high  frequency.  This  Is  an 
artifact  of  the  signal  processing  resulting  from 
an  automatic  zeroing  of  the  ratio  when  the  denom¬ 
inator  falls  below  a  minimum  level  and  should  be 
Ignored. 

Since  most  of  the  energy  Is  reflected,  this 
method  should  be  less  sensitive  to  variations  In 
sealant  properties  or  fastener  tightness  than  the 
transmission  method.  Variations  In  these  param¬ 
eters  produce  large  fluctuations  In  the  relatively 
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Fig.  10  Fatigued  sample  with  0.030  In.  crack 
holes  7  throuqh  11.  transducer  config¬ 
uration  5b,  e  *  50®.  Normalized 
amplitude  versus  frequency. 


small  amount  of  transmitted  signal,  but  produce 
only  small  changes  in  the  reflected  energy. 

These  results  clearly  show  that  fatigue  cracks 
can  be  detected  by  this  EMAT  technique.  TSie 
signal  from  the  0.100  In.  hole  Is  well  above  the 
noise  level  set  by  variations  In  nominally  Iden¬ 
tical  holes  and/or  measurement,  error.  The  signal 
from  the  0.030  In.  hole  Is  conparsble  to  the  noise 
but  may  be  enhanced  by  signal  processing  based  on 
the  shape  of  the  signal  peak. 

This  technique  was  then  applied  In  turn  to  the 
full  aluminum  mockup  and  to  the  actual  wing  sec¬ 
tion.  The  performance  was  excellent  with  the  full 
iticckup;  In  fact.  It  was  evident  that  the  size  of 
the  peak  was  definitely  correlated  with  the  size 
of  the  saw  slots.  However,  In  the  actual  wing 
section,  the  results  were  mixed.  In  order  to 
further  quantify  the  results  from  all  samples, 
various  size  and  shape  parameters  were  defined  and 
are  plotted  versus  the  length  of  the  crack  or 
slot. 

Figure  9  shows  how  two  of  these  size  param¬ 
eters  were  defined,  k  wide  window  In  the  spectrum 
centered  on  200  kHz  was  examined  for  a  peak.  Then 
a  narrow  window  (dashed  lines)  was  established 
around  the  peak.  A.bs  was  set  equal  to  the  abso¬ 
lute  amplitude  of  that  peak,  and  Ar?1  was  set 
equal  to  the  relative  amplitude  of  that  peck.  In 


this  case,  relative  amplitude  was  defined  to  be 
the  distance  the  peak  fell  above  the,  average  of 
the  two  values  of  the  plot  at  the  edges  of  the 
narrow  window. 


Figure  11  shows  a  plot  of  A,bs  versus  crack  or 
slot  length  for  all  holes  and  Fig.  12  shows  a  plot 
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ABSOLUTE  AMPLITUDE  OF  HIGH  PEAK  NEAP  200  kHz  FOR  ALL  HOLES. 

Fig,  11  Absolute  amplitude  of  high  peak  near  200 
kHz  for  all  holes. 


RELATIVE  AMPLITUDE  OF  PEAK  NEAR  200  LH,  FOR  ALL  HOLES. 


Fig.  12  Relative  amplitude  of  peak  nea"  200  kHz 
for  all  holes. 


of  Arei  versus  length.  Notice  that  different 
symbols  are  used  for  each  of  the  sample  types. 

Due  to  the  large  number  of  holes  with  no  crack 
or  slot,  many  points  are  clustered  near  the  zero 
axis  of  the  abscissa.  In  general,  holes  with  no 
flaw  fell  lower  on  both  plots  than  holes  with  a 
flaw.  The  dashed  line  In  eacn  plot  represents  a 
suggested  threshold  for  using  that  parameter  In  an 
accept/reject  decision.  Clearly,  there  are  fewer 
false  accents  and  false  rejects  In  the  plot  of 
Are},  but  the  plot  of  A,bs  exhibits  a  steeper 
slope  as  a  function  of  ti«v  size. 

Proceeding  with  this  line  of  analysis  then, 
one  can  use  both  figures  to  determine  the  quan¬ 
titative  accept/reject  quality.  Using  Fig.  11, 
the  absolute  amplitude  of  all  peaks,  the  ratio  of 
false  rejects  to  possibles  Is  0/8  for  the  two 
fatigued  samples,  3/6  for  the  mock-up,  and  1/13 
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for  the  actual  wing  section.  The  ratio  of  false 
accepts  to  possibles  Is  0/2  for  the  fatigued 
saity' es,  0/3  for  the  mock-up,  and  2/3  for  the 
actual  wing  section  for  the  threshold  shown. 

Using  rig.  12,  relative  amplitude  of  all 
peaks,  the  ratio  of  false  rejects  to  possibles  is 
0/8  for  the  fatigued  samples,  0/6  for  the  mockup, 
and  0/13  fo-  the  actual  wing  sample.  The  ratio  of 
false  accepts  to  possibles  Is  0/2  for  the  fatigued 
samples,  0/3  for  the  mockup,  and  3/3  for  the 
actual  wli.g  section  for  the  threshold  shown. 

The  performance  of  this  technique  Is  thus 
excellent  for  the  three  fixed  geometry  specimens, 
but  not  as  good  for  the  actual  wing  section  with 
different,  and  varying  geometry.  However,  the 
Fourier  amplitude  spectra  can  be  separated  out 
Into  Real  and  Imaginary  parts.  A  discussion 
(Ref.  1)  Indicates  that  this  could  yield  a  large 
Improvement  In  the  ability  to  Identify  flaws  In 
the  actual  wing  section.  In  addition,  the  small 
A.bs  from  the  0.100  In.  saw  slot  In  the  actual 
wfn|  section  compared  to  the  large  response  from  a 
very  similar  flaw  In  the  mockup  suggests  that  the 
angle  $  In  the  transducer  configuration  should  be 
a  function  of  the  geometry  of  the  wing  section. 

The  recommendation  emerging  from  this  work  for 
development  of  a  fleldable  Instrument  based  on 
this  stuty  Included  two  phases,  a  detailed  Instru¬ 
ment  design,  and  prototype  construction  and  test¬ 
ing.  Details  on  those  subjects  are  given  In 
Ref.  1. 

CONCLUSION  AND  RECOMMENDATIONS 

In  this  effort,  significant  progress  has  been 
made  In  the  detection  of  fatigue  cracks  under 
fasteners  In  the  lower  half  of  the  C5A  wing  lap 
joint.  Prior  to  this  study,  it  had  been  shown 
only  that  the  signature  of  holes  with  saw  slots  In 
an  unassembled  mock-up  could  be  recognized.  In 
this  study  the  following  new  results  have  been 
obtained. 

1.  Fatigue  cracks  at  fastener  holes  can  be 
grown  In  the  laboratory  for  this  geo¬ 
metrical  configuration. 

2,  Fastener  holes  with  the  cracks  can  be 
found  with  EMAT-genarated  acoustic  beams, 


even  In  an  assembled  lap  joint.  This  was 
accomplished  In  two  completely  different 
transducer  configurations,  with  100% 
detection  capability  on  the  samples  with 
cracks. 

3.  Limited  success  was  achieved  In  detecting 
EDM  notches  and  a  saw  slot  in  a  wing 
section  with  varying  geometry. 

4.  An  achievement  which  was  not  required  by 
the  contract,  but  which  may  be  signifi¬ 
cant,  Is  the  ability  to  detect  loose 
fasteners. 

Important  questions  not  yet  fully  resolved 
concern  the  detectability  of  fatigue  cracks  of 
0.030  Inch  size  and  the  exact  procedure  for 
detecting  fatigue  cracks  in  other  geometries, 
particularly  those  with  major  deviations  from  the 
one  studied. 

The  transducers  and  configurations  used  In 
this  study  appear  robust  and  easily  fleldable. 

The  detailed  Implementation  of  a  crack-finding 
Instrument  based  on  the  conceptual  design  of 
Section  III  would  require  future  Interaction  with 
knowledgeable  field  personnel. 
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ABSTRACT 

With  the  aging  of  the  U.S.  railroad  system  and 
the  increased  tonnage  being  moved,  It  is  more  Im¬ 
portant  than  ever  to  monitor  the  installed  railroad 
track  for  defects  whose  growth  could  lead  to  track 
failure  and  derailments.  Current  ultrasonic  In¬ 
spection  techniques  utilize  a  liquid  filled  wheel 
to  couple  acoustic  energy  from  several  piezoelec¬ 
tric  transducers  Into  the  rail  at  a  variety  of 
angles  relative  to  the  head  of  the  rail.  Tils 
approach  limits  the  speed  of  inspection  to  approxi¬ 
mately  10  mph,  Is  very  sensitive  to  the  surface 
condition  and  orientation  of  the  railhead  and  re¬ 
quires  frequent  maintenance  stops.  The  feasibility 
of  using  EMATs  to  replace  the  water  filled  wheel 
transducers  has  been  the  purpose  of  this  research 
effort  at  the  Albuquerque  Development  Laboratory 
and  was  sponsored  by  the  Department  of  Transporta¬ 
tion  with  the  cooperation  of  the  Sperry  Rail 
Service  Division  of  Automation  Industries,  Inc. 


INTRODUCTION 

Railroad  rails  are  subjected  to  very  high, 
periodic  loads  so  they  usually  fall  by  the  growth 
of  flaws  under  fatigue  type  conditions.  Since  the 
initiating  flaws  are  too  small  to  be  reliably  de¬ 
tected  at  the  manufacturing  facility,  they  must  be 
found  by  routine  Inspections  when  the  rail  is  in 
service  and  after  the  flaw  has  had  a  chance  to  grow 
to  a  detectable  size.  Thus,  Inspection  cars  have 


Figure  1.  Conventional  method  of  ultrasonic 
inspection  of  railroad  rails. 


been  developed  that  travel  along  the  railroad 
tracks  at  10  to  20  mph  looking  for  cracks  and 
large  flaws  In  each  rail.  They  use  both  magnetic 
flux  leakage  and  ultrasonic  Inspection  techniques. 
The  latter  method  utilizes  a  rubber  wheel  filled 
with  water  to  couple  the  ultrasonic  waves  from  the 
piezoelectric  transducers  Into  the  rail  as  shown 
In  Fig.  1.  By  mounting  the  transducers  Inside  the 
wheel  at  an  angle  relative  to  the  rail  head  sur¬ 
face,  ultrasonic  waves  can  be  sent  Into  various 
parts  of  the  rail.  A  wave  propagating  normal  to 
the  head  detects  crac'.s  or  separations  at  the  foot 
of  the  rail  or  between  the  head  and  web.  Waves  at 
an  angle  of  30  degrees  to  the  head  normal  are  well 
suited  to  locating  cracks  at  the  bolt  holes  In  the 
ends  of  each  rail.  For  flaws  In  the  head  of  the 
rail,  an  ultrasonic  wave  propagating  at  70  degrees 
to  the  normal  Is  used. 


Figure  2.  Types  of  rail  flaws  and  their  frequency 
of  occurrence. 


Figure  2  shows  drawings  of  the  most  common 
rail  flaws  and  displays  a  graph  from  which  the 
relative  frequency  of  occurence  of  each  type  can 
be  deduced. 

Ultrasonics  has  proven  to  be  a  very  powerful 
technique  for  locating  these  flaws  but  the  wheel 
type  transducer  has  proven  to  be  a  major  source  of 
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problems  In  that  It  has  a  restricted  top  speed,  It 
looses  coupling  when  dirt  and  oil  are  on  the  rail 
surface  and  small  variations  In  the  rail  head 
geometry  cause  large  changes  In  the  direction  of 
the  refracted  ultrasonic  beam  inside  cue  rail.  In 
order  to  overcome  or  mollify  these  difficulties, 
the  Department  of  Transportation  awarded  the 
Rockwell  Science  Center  a  contract  to  demonstrate 
the  feasibility  of  replacing  the  wheel  type  trans¬ 
ducer  with  electromagnetic  acoustic  transducers 
(EMATs).  These  devices  excite  and  detect  ultra¬ 
sonic  waves  In  metals  by  an  electromagnetic  Induc¬ 
tion  process  across  an  air  gap.  Hence,  they  can 
operate  reliably  at  high  speed,  over  dirty  or  oily 
rail  heads  and  are  not  subject  to  temperature 
effects.  By  using  special  coil  designs,  acoustic 
waves  can  be  launched  Into  the  rail  at  an  angle 
and  the  transducer  can  be  made  light  enough  to 
survive  the  mechanical  shocks  of  moving  along  an 
operating  railroad  system.  The  program  goals  of 
this  feasibility  demonstration  were:  (1)  to  dem¬ 
onstrate  operation  from  the  top  of  the  rail  head 
only;  (2)  to  determine  how  large  an  air  gap  could 
be  tolerated  between  the  transducer  coll  and  the 
rail;  (3)  to  show  that  angle  beam  Inspection 
techniques  were  possible  and  ( ‘fj  to  establish  the 
sensitivity  of  an  EMAT  inspection  system  to  real 
flaws  such  as  the  transverse  fracture,  the  hori¬ 
zontal  split  head,  the  vertical  split  head,  the 
head-web  separation,  the  bolt  hole  crack  and 
surface  shelling. 

r 

APPROACH 

Figure  3  shows  a  schematic  diagram  of  an  EMAT 
rail  inspection  system  in  which  a  large  electro¬ 
magnet,  suspended  from  the  inspection  car,  supplies 
the  magnetic  field  for  an  array  of  EMAT  colls 
distributed  about  the  head  of  the  rail.  Trans¬ 
ducers  B  launch  waves  into  the  rail  head  propa¬ 
gating  along  the  length  of  the  rail.  Transducers 
A  launch  waves  across  the  head  to  locate  longi¬ 
tudinal  defects  In  the  head.  Transducers  C  launch 


the  fact  that  they  are  less  sensitive  to  lift  off 
but  they  suffer  from  a  lower  EMAT  efficiency. 
Hence,  all  three  frequency  ranges  had  to  be  inves¬ 
tigated  in  order  to  develop  trade-off  data  on  lift 
off  and  sensitivity. 

■NQINMRINQ  TRADK-OFF: 

•  LOW  FREQUENCY  EMAT*  OPERATE  WITH  LARGE  LIFT-OFF 

•  EMAT  EFFICIENCY  DROP8  AT  LOW  FREQUENCY 


Figure  4.  Configuration  of  EMATs  tested  in  vari¬ 
ous  frequency  ranges. 


Figure  5  shows  a  drawing  of  the  oscilloscope 
trace  observed  when  the  low  frequency  EMAT 
arrangement  was  placed  on  a  short  length  of  rail 
containing  transverse  defects  In  the  head. 
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Figure  3.  Schematic  diagram  of  a  possible  EMAT 
rail  Inspection  system. 

waves  through  the  head  Into  the  web  to  locate 
cracks  at  the  bolt  holes  and  head-web  separations. 
Each  of  these  transducers  can  be  distinguished  by 
its  frequency  of  operation. 

The  feasibility  experiments  were  also  sepa¬ 
rated  according  to  frequency  as  shown  in  Fig.  4. 
The  advantage  of  the  low  frequency  methods  lies  In 


TRANSVERSE  DEFECT  DETECTION 


Figure  5.  Oscilloscope  presentation  of  echos 
observed  with  the  low  frequency  waves  on  a  short 
section  of  rail.  Echos  1  and  4  are  from  the  ends 
of  the  rail  and  echos  2  and  3  are  from  a  trans¬ 
verse  flaw  In  the  rail  head.  (Frequency  220  KHz, 
X=1 .4  cm.) 
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EXPERIMENTAL  CONFIGURATION 


»-R  STANDI  FOR  TMI  TRANSMITTER  RECEIVER  (MAT 

Figure  6.  Experimental  configuration  used  to 
test  EMAT  detection  of  bolt  hole  cracks  at  mid- 
frequencies. 

At  mid-frequencies  where  a  nominally  30  degree 
acoustic  beam  is  needed  to  detect  cracks  at  the 
bolt  holes,  the  experimental  configuration  shown  in 
Fig.  6  was  used.  In  this  case  a  meander  coil  type 
EMAT  was  used,  operated  at  a  frequency  such  that 
the  ultrasonic  energy  entered  the  rail  head  at  an 


BOLT  HOLD  CRACK  DETECTION 


«10  500  450  430  410  400  fcHl 


Figure  7.  Dependance  of  EMAT  efficiency  on  fre¬ 
quency  and  angle  of  propagation  in  a  rail. 


angle  to  the  surface  normal.  Figure  7  shows  how 
the  amplitude  of  the  ultrasonic  signal  depended 
upon  the  angle  tf  propagation  and  the  drive  fre¬ 
quency.  Figure  8  shows  how  the  oscilloscope  dis¬ 
play  appeared  when  flawless  bolt  holes  and  cracked 
bolt  holes  were  examined.  Because  of  the  uniform 
circular  shape  of  the  flawless  hole,  there  are 
striking  oscillations  In  the  amplitude  of  the  sig¬ 
nal  reflected  from  it.  A  crack  in  the  hole 
destroys  the  uniformity  and  with  it  the  oscilla¬ 
tions  In  the  reflected  signal  strength. 

The  high  frequency  EMAT  (“2  MHz)  designed  to 
launch  bulk  ultrasonic  waves  into  the  rail  in  a 
direction  perpendicular  to  the  rail  head  was  con¬ 
figured  as  shown  In  Fig.  9  to  detect  defects  In 
the  web.  In  this  case,  the  echo  from  the  base  of 
a  flawless  rail  could  be  easily  detected  as  shown 
in  the  top  oscilloscope  trace  In  Fig.  10.  If  a 
crack  were  present  in  the  web  such  as  for  the  case 
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Figure  8.  Characteristics  of  pulse-echo  signals 
observed  in  the  vicinity  of  flawless  bolt  holes 
and  cracked  bolt  holes  for  EMATs  with  a  spacing 
between  wires  of  0.5  cm  and  operated  at  560  KHz. 


T  -  R  STANDS  FOR  THE  TRANSMITTER  -  RECEIVER  EMAT 

Figure  9.  Experimental  configuration  used  to 
detect  flaws  in  the  web  of  the  rail. 


of  a  head-web  separation,  this  base  reflection 
would  disappear  because  the  acous*ir  energy  would 
be  dispersed  or  reflected  away  by  the  flaw.  This 
condition  Is  shown  in  the  bottom  oscilloscope  trace 
shown  in  Fig.  10 

Throughout  the  feasibility  studies,  it  was 
important  to  measure  how  each  of  the  EMATs  re¬ 
sponded  to  Increases  in  the  separation  between  the 
EMAT  coll  and  the  surface  of  the  rail.  Since  the 
low  and  medium  frequency  cases  utilized  meander 
type  EMAT  coils  their  efficiencies  decreased 
rapidly  with  lift  off.  The  efficiency  of  a 
transmitter-receiver  pair  dropped  by  a  factor  of 
two  with  a  0.05  Inch  gap  for  the  low  frequency 
case  and  a  0.03  inch  gap  for  the  mid-frequency 
case.  The  high  frequency  case  utilized  a  spiral 
coll  which  has  much  less  Inherent  sensitivity  to 
lift  off  than  the  meander  coils.  For  this  type  of 
coil  the  efficiency  fell  by  a  factor  of  two  when 
the  gap  reached  0.1  Inches. 


CONCLUSIONS 

lhe  results  of  the  feasibility  study  showed 
that  EMATscould  be  designed  to  Inspect  railroad 
rails  with  ultrasonic  beams  similar  to  those  used 
by  the  wheel  type  transducers  now  In  use.  Studies 
on  rail  samples  containing  actual  defects  showed 
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Figure  10.  Oscilloscope  presentation  observed  at 
high  frequencies  where  the  ultrasonic  waves  prop¬ 
agate  into  the  web  along  the  rail  head  normal 
direction. 


t 
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that  the  EMATs  were  equal  in  sensitivity  to  the 
piezoelectric  transducers  because  both  were  limited 
by  the  background  noise  in  the  metallurgical  struc¬ 
ture  wi  thin  the  rail . 
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ABSTRACT 


It  Is  anticipated,  that  through  exposing  some  of  the  problems  encountered  In  Industrial  appli¬ 
cations  of  eddy  current  technology,  technical  assistance  may  be  generated  through  the  theoretical 
community.  The  specific  problem  examined  involves  the  development,  storage  and  utilization  of  cali¬ 
bration  masters.  Although  the  use  of  probes  versus  colls  greatly  reduces  the  number  of  calibration 
masters  In  that  probes  are  not  sensitive  to  overall  geometry  and  mass  variations,  the  eddy  current 
response  is  Influenced  by  near  probe  geometry  variations.  At  present,  an  empirically  derived  algo¬ 
rithm  is  relied  upon  to  characterize  this  phenomenon  although  It  Is  hoped  that  an  appropriate 
theoretical  model  will  be  developed.  In  addition  to  geometry,  the  non-linear  permeability  present 
in  ferromagnetics,  and  the  mlcrostructural  and  compositional  variations  greatly  Increase  the  com¬ 
plexity  of  constructing  such  a  model. 


There  are  two  kinds  of  talks  one  encounters 
at  technical  conferences  such  as  this  one,  those 
which  expose  and  those  which  solve  problems. 

This  presentation  will  be  of  the  former  type 
and  will  attempt  to  elucidate  In  a  more  de¬ 
tailed  fashion  some  of  the  difficulties 
encountered  in  the  eddy  current  materials 
sorting  of  steel.  It  Is  hoped  that  con¬ 
structive  feedback  will  be  generated  from  the 
theoretical  community,  to  the  benefit  of  those 
of  us  In  Industry.  The  specific  problem  ex¬ 
amined  today  will  involve  the  influence  of 
steel  component  curvature  on  eddy  current 
response. 

It  might  be  helpful  to  review  exactly  how 
the  Influence  of  component  curvature  on  probe 
response  became  a  concern  and  how  the  problem 
Is  being  dealt  with  presently.  The  Important 
theoretical  factors  in  developing  a  model 
descriptive  of  the  phenomenon  will  be  examined. 

Most  of  those  present  here  should  be 
familiar  with  the  basic  differences  between 
through  coll  and  probe  eddy  current  Inspection 
techniques.  Yet  the  relative  advantages  for 
specific  applications  are  not  always  appreci¬ 
ated.  In  Table  1  a  detailed  comparison  Is 
presented  for  the  specific  application  of  heat 
treatment  materials  sorting.  Both  techniques 
provide  excellent  sorting  capabilities,  are 
available  In  relatively  Inexpensive  commercial 
systems  and  provide  Inspection  speed  capa¬ 
cities  comparable  to  many  production  operations. 
The  coll  technique,  however,  does  not  focus  on 
the  component  region  of  Interest  whereas  the 
probe  can  be  often  located  to  examine  the  area 
of  concern.  In  view  of  this  Insensitivity  to 
overall  geometry  variations,  the  use  of  probes. 
In  many  applications,  substantially  reduces 
mastering  requirements. 


The  most  serious  limitation  In  the  use  of 
probes  Involves  the  strict  demands  for  probe- 
specimen  orientation  control,  and  the  dependence 
of  probe  response  on  local  component  geometry 
variations.  It  Is  with  this  last  point  that  we 
are  primarily  concerned  In  this  presentation, 
namely  the  dependence  of  eddy  current  response 
on  component  curvature. 

The  populations  of  eddy  current  response 
for  four  different  carburized  steel  cylinders 
are  shown  in  Fig,  1.  In  these  data  a  comparison 
Is  being  made  between  properly  and  improperly 
heat  treated  material.  In  directing  our  atten¬ 
tion  to  the  Influence  of  curvature.  It  Is  ob¬ 
served  that  the  eddy  current  response  Increases 
statistically  with  diameter.  This  may  be  Inter¬ 
preted  as  an  Increase  In  the  penetration  of  flux 
and  a  corresponding  Increased  Interaction  with 
the  detection  coll  In  the  probe.  A  similar 
Influence  of  curvature  Is  observed  for  a  hollow 
cone  (see  Fig.  2). 

The  variation  In  probe  response  due  to 
curvature  Introduces  a  mastering  difficulty 
tending  to  decrease  the  advantage  that  probes 
enjoy  over  through  coll  techniques.  This  effect 
is  presently  accommodated  through  a  normali¬ 
zation  procedure  In  which  empirically  derived 
algorithms  adjust  the  mastering  response  (see 
Figs.  3  and  4). 

The  curves  generated  frcm  these  algorithms 
are  shown  In  Fig.  5  In  relation  to  the  pertinent 
statistical  data.  From  an  engineering  stand¬ 
point,  this  approach  Is  satisfactory  In  estab¬ 
lishing  sorting  limits.  However,  through  the 
development  of  a  viable  theoretical  model.  In¬ 
creased  confidence,  predictability,  and  the 
suppression  of  the  amounts  of  statistical  data 
required  may  be  obtained.  There  are  four  major 
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areas  requiring  consideration  In  constructing 
an  appropriate  theoretical  model.  They  are: 

1.  The  nature  and  distribution  of  the  probe 
field. 

2.  The  nature  and  distribution  of  the  field 
generated  eddy  currents. 

3.  The  construction  of  a  mathematical  model 
accommodating  the  specify  boundary  conditions 
as  well  as  the  nature  and  distributions  of 
field  and  eddy  currents. 

4.  The  Influences  ot  simplifying  approxima¬ 
tions  on  the  representative  character  of  the 
proposed  models. 

The  nature  and  distribution  of  the  field 
are  dependent  upon  the  specific  probe  charac¬ 
teristics.  These  characteristics  Include  coll 
current,  frequency,  number  of  turns,  coll  area, 
orientation,  and  the  Influence  of  core  material. 
In  addition,  the  probe  may  be  composed  of  mul¬ 
tiple  colls  for  separating  the  field  generating 
primary  from  the  detecting  secondary,  or  in  a 
differential  arrangement  to  suppress  extraneous 
noise.  The  Influence  of  probe  characteristics 
could  prove  to  be  one  of  the  most  difficult 
considerations  In  any  theoretical  treatment. 

The  origin,  nature  and  distribution  c" 
the  eddy  Currents  will  be  dependent  upon  the 
field,  the  probe-specimen  geometry  and  the 
electromagnetic  properties  of  the  steel  speci¬ 
men.  There  are  few  theoretical  attempts  to 
explain  eddy  current  phenomena  In  ferromag¬ 
netic,  non-linear  permeability  (u)  materials 
in  contrast  to  linear,  non-ferromagnetic  con¬ 
ductors.  Analytical  solutions  have  been 
primarily  restricted  to  assumed  linear  con¬ 
ditions. 

Utilizing  the  concepts  of  a  linear  re¬ 
lationship  between  the  phasor  quantities  B  and 
H  and  a  representation  of  hysterlsls  through 
complex  permeability  (In  which  the  B/H  charac¬ 
teristic  Is  elliptical  through  the  Introduction 
of  a  phase  lag  6h  between  E  and  H),  D.  O' Kelly 
(1,  2,  3,  4)  has  calculated  the  flux  distri¬ 
butions  and  the  hysterlsls  and  eddy  current 
losses  In  steel  plates  (Fig.  6).  The  prin¬ 
ciples  applied  to  the  analysis  of  the  funda¬ 
mental  component  of  B  and  H  were  also  applied 
to  harmonics  providing  additional  accuracy  (2). 
One  other  popular  approach  Involves  the  numeri¬ 
cal  analyses  of  network  models  In  which  non¬ 
linear  effects  are  accounted  for  In  a  descre- 
tlzed  fashion  (5,  6). 

For  non-linear  conditions,  many  numerical 
techniques  have  been  utilized  with  digital 
computers  to  obtain  solutions.  However,  most 
finite  element  computations  have  Ignored  hys¬ 
teresis  effects  or  employed  representation 
techniques.  As  one  can  see,  then  are  several 
available  theoretical  approaches  to  choose 
from  In  modeling  eddy  currents  while  taking 
Into  account  non-1 Intar  effects. 


In  the  treatments  above,  It  Is  commonly 
assumed  that  the  material  Is  homogeneous  and 
Isotropic.  In  actual  eddy  current  Inspection 
of  steel,  mlcrostructural  and  compositional 
variations  will  greatly  Influence  electromag¬ 
netic  properties.  These  effects  are  especially 
pronounced  when  the  process  involves  special 
compositional  treatments  such  as  carburizing, 
in  which  a  hardened  surface  layer  Is  created 
through  the  Impregnation  of  carbon  (Fig.  7). 

The  resulting  carbon  gradient  produces  both  a 
compositional  effect  and  will  significantly 
a  Her  the  microstructure. 

Carbon,  both  In  solution  and  In  precipi¬ 
tated  forms',  reduces  permeability  (u)  (Fig.  8) 
and  the  saturation  Induction  Bm  (Fig.  9)  while 
the  coercive  force  Hc  (Fig.  10)  and  hysteresis 
loss  (Fig.  19)  are  Increased  (7).  Heat  treat¬ 
ment  and  thermal  history  have  a  synergistic 
Influence  with  composition  on  the  electromag¬ 
netic  properties.  This  synergism  Influences 
the  electromagnetic  properties  In  steels  In 
the  same  manner  as  It  controls  the  mechanical 
properties,  namely  through  regulating  micro¬ 
structure.  Many  of  the  variations  In  magnetic 
properties  are  the  result  of  morphological 
differences  and  not  simply  base  composition 
changes.  As  one  might  expect,  these  combined 
effects  are  more  pronounced  at  higher  carbon 
1 evel s . 

The  precise  manner  In  which  the  electro¬ 
magnetic  properties  of  steel  depend  upon  compo¬ 
sition  and  microstructure  may  be  classified 
under  four  headings: 

1.  The  carbon  and  alloy  content  of  the  primary 
magnetic  phases  (l.e.  martensite  or  ferrite). 

2.  The  structure  of  the  primary  ferromagnetic 
phases. 

3.  The  volume  percent  and  distribution  of  non- 
ferromignetlc  carbides. 

4.  The  volume  percent  and  distribution  of  re¬ 
tained  non-ferromagnetic  (paramagnetic)  austen¬ 
ite. 

The  influence  of  non-magnetlc  phases  has 
been  aptly  described  in  "Metallurgy  and  Magne¬ 
tism"  by  James  Stanley  (7): 

"Non-ferromagnetic  phases  or  Inclusions 
such  as  graphite  In  cast  iron  or  slag  In 
wrought  Iron  have  an  effect  on  the  mag¬ 
netic  properties  similar  to  that  produced 
hv  cutting  an  air  gap  in  a  solid  magnetic 
ring."  "A  similar  effect  takes  place 
when  the  gaps  are  internal  which  is  In 
reality  what  happens  when  a  non-magnetlc 
phase  or  Inclusion  Is  present.  This  Is 
shown  in  Fig.  43"  (Fig.  12)  "for  the  case 
of  steel  with  different  amounts  of  carbon 
(the  cementlte  of  the  pearl ite  Is  rela¬ 
tively  non-magnetlc)." 
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Although  carbon  1$  one  of  the  major  modi¬ 
fiers  of  electromagnetic  properties  It  Is  by  no 
means  the  only  one.  Silicon,  aluminum  and  other 
alloying  elements  are  known  to  reduce  saturation 
values  and  permeability  (Hg.  14).  The  Influence 
of  these  alloy  additions  Is  also  very  dependent 
upon  the  heat  treatment. 

Composition  and  microstructure  will  cor¬ 
respondingly  affect  electrical  conductivity 
(Fig,  15).  Increasing  alloy  additions,  when  In 
solution,  will  generally  decrease  conductivity. 
When  mlcrostructural  factors  become  Important, 
the  effects  become  more  difficult  to  predict. 
Nevertheless,  the  eddy  currents  generated  will 
be  affected  through  variations  In  conductivity. 

Extensive  efforts  have  been  made  at  Timken 
Research  to  determine  the  electromagnetic  pro¬ 
perties  of  the  steels  of  Interest.  This  effort 
has  Included  an  examination  of  the  Influence  of 
composition  and  heat  treatment.  Preliminary 
results  may  be  qualitatively  summarized  as 
follows. 

In  Fig.  16  the  B  -  H  characteristic  curves 
for  core  and  case  structures  are  compared.  The 
case  displays  substantially  reduced  magnetic 
properties.  This  decrease  Is  either  the  result 
of  high  carbon  content,  high  carbide  content  or 
the  presence  of  retained  austenite.  Further 
exploration  of  this  reduction  In  properties 
will  be  performed  In  order  to  understand  the 
Individual  contributions  of  the  carbon  and  re¬ 
tained  austenite. 

The  effects  of  over-tempering  are  presented 
In  Fig.  17  for  core  and  case  respectively.  The 
drastic  increase  In  magnetic  properties  In  the 
case  Is  attributed  to  the  decomposition  of  re¬ 
tained  austenite  into  balnlte,  although  the 
precipitation  of  carbides  and  the  associated 
migration  of  the  BCT  martensite  structure  to 
the  equilibrium  BCC  ferrite  structure  may  also 
be  playing  a  significant  role.  In  the  core, 
similar  Increases  occur  although  In  view  of  the 
originally  high  properties  the  Improvement  with 
over-tempering  Is  not  as  dramatic.  The  increase 
observed  In  the  core  may  be  attributed  to  the 
precipitation  of  carbides  and  the  corresponding 
formation  of  ferrite  having  characteristically 
high  magnetic  properties. 

These  hysteresis  curve  effects  need  to  be 
more  fully  understood  as  they  depend  upon  alloy 
content  and  heat  treatment.  The  frequency  of 
inspection  is  also  a  parameter  of  great  impor¬ 
tance  In  case  carburized  component  Inspection 
In  view  of  the  Influence  that  frequency  has  on 
depth  of  penetration. 

Once  the  specific  conditions  of  probe  field, 
material  properties  and  geometry  are  well  de¬ 
fined,  the  development  of  a  comprehensive  mathe¬ 
matical  model  and  the  selection  of  appropriate 
approximations  are  all  that  remain.  These  two 
factors  were  Indirectly  examined  In  the  previous 
discussions  regarding  the  available  analytical 
models.  Any  attempt  at  combining  all  of  the 


above  considerations  In  constructing  a  theore¬ 
tical  model  for  the  effect  of  curvature  on  the 
eddy  current  response  In  case  carburized  steel 
may  prove  Intractable.  Nevertheless,  continued 
research  efforts  are  scheduled  at  The  Timken 
Company  and  substantial  benefits  are  antici¬ 
pated.  For  those  engaged  In  similar  efforts, 
or  who  may  be  able  to  provide  Insight  Into  this 
complex  problem,  the  development  of  future  cor¬ 
respondence  would  be  greatly  appreciated  by 
the  authors. 
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TABLE  ll 

COMPARISON  BETWEEN  COIL  vs  PROBE  EDDY  CURRENT  MATERIAL_SORTINGj| 
OF  CASE  CARBURIZED  CYLINDERS! 


CATEGORY  TECHNIQUE  ADVANTAGES 

DISADVANTAGES  | 

SORTING 

CAPABILITY 

COIL 

GOOD  SORT  FOR  MANY  APPLICATIONS 

. .  1 

AMBIGUITIES  EXIST  FOR  SOME  HEAT  TREAT 

CONDITIONS 

PROBE 

GOOD  SORT  FOR  MANY  APPLICATIONS 

AMBIGUITIES  EXIST  FOR  SOME  HEAT  TREAT 
CONDITIONS 

AVAILABILITY 

AND  EXPENSE 

COIL 

INEXPENSIVE  COMMERCIAL  SYSTEMS 

AVAILABLE 

PROBE 

INEXPENSIVE  COMMERCIAL  SYSTEMS 

AVAILABLE 

AREA  OF 

EXAMINATION 

COIL 

WHOLE  PART  EXAMINED 

DOES  NOT  FOCUS  IN  AREA  OF  INTEREST 

PROBE 

FOCUSES  ON  AREA  OF  INTEREST 

RESTRICTED  TO  EXAMINING  ONLY 

ONE  AREA  OF  PART 

PART-PROBE 

ORIENTATION 

COIL 

NOT  CRITICALLY  SENSITIVE  TO  PART 

POSITION  IN  COIL 

PROBE 

LIFT  OFF  AND  PART  PROBE  MUST  BE 
CONTROLLED  OR  COMPENSATED  FOR 

TABLE  1  (  CONTINUED  )| 

COMPARISON  BETWEEN  COIL  vs  PROBE  EDDY  CURRENT  MATERIAL  SORTING^ 


OF  CASE  CARBURIZED  CYLINDERSl 


CATEGORY 

TECHNIQUE 

ADVANTAGES 

DISADVANTAGES 

HANDLING  AND 

INSPECTION 

SPEED 

COIL 

CONTINUOUS  FAST,  SIMPLE, 
AMENABLE  TO  MANY  HIGH  SPEED 

PRODUCTION  LINES 

PROBE 

SOPHISTICATED  HANDLING  REQUIRED 

MULTI  MODE/ 
MULTI  ' 

FREQUENCY 

CAPABILITY 

CCjL 

WOULD  REQUIRE  DISCONTINUOUS 

OPERA  HON,  RESULTS  IN  REDUCED  SPEED 

PROBE 

PRESENTLY  EMPLOYED  IN  AVAILABLE 

SYSTEMS 

MASTERING 

AND 

CALiBlUTiON 

COIL 

EASY  CALIBRATION  WITH  REFERENCE 

MASTER 

REQUIRES  SEPERATE  MASTER  FOR  EVERY 

PART-INVENTORY  NIGHTMARE 

PROBc 

EASY  CALIBRATION  REDUCES 
MASTERING  INVENTORY 

SUBSTANTIALLY 

MUST  ACCOUNT  FOP  NEAR  PROBE 

GEOMETRY  VARIATIONS 
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SATURATION  INDUCTION 
4TT  I  -  GAUSSES 


CORE  - 

HARDENED  AND  TEMPERED 


FIG.  16 


CASE  - 

HARDENED  AND  TEMPERED 


USING  CAPACITIVE  PROBES  IN  ELECTROMAGNETIC  NONDESTRUCTIVE  TESTING 


B.  A.  Auld  and  M.  Rlazlat 
Edward  L .  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  9H3G5 


ABSTRACT 

In  an  attempt  to  expand  the  scope  of  electromagnetic  testing  to  include  poorly  conducting  materials, 
we  have  tried  using  a  low  frequency  capacitive  probe .  This  probe  has  given  promising  performances  in 
testing  materials  with  resistivities  of  several  hundred  ohm-centimeters . 

INTRODUCTION  Obviously,  the  ratio  E/l  plays  a  crucial  role 


Eddy  current  flaw  detection  methods  used  mainly 
for  the  inspection  of  metal  products  can  be  extended 
to  cover  materials  with  poor  conductivities.  For 
such  materials,  however,  Induced  electric  'currents" 
are  not  well  defined,  and  a  more  general  picture 
should  be  used.  Vie  define  the  general  flaw  detec¬ 
tion  problem  as  the  detection  of  an  lnhomogeneity 
in  a  single  terminal  (or  multiterminal)  microwave 
junction. 
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Fig.  I  Microwave  junction  representation  of  non¬ 
destructive  testing. 

Looking  into  the  junction,  the  presence  of  the 
Inhomo genelty  causes  an  Impedance  change  6Z  which 
can  be  calculated  in  terms  of  the  electromagnetic 
fields  (e,  H)  and  material  characteristics  (e,p)  . 
For  nonmagnetic  materials  and  small  flew  dimensions 
it  takes  the  simple  form 

SZ  =  toVfg(e,e')(E2/l2)  (1) 

Here,  e  and  e'  are  complex  permittivities  of 
the  host  material  and  the  flaw  (Ref.  1).  V£  is 
the  volume  of  the  flaw,  u>  Is  the  frequency,  and 
I  is  the  current  through  the  terminal.  Hie  func¬ 
tion  g((.,€')  is  determined  by  the  shape  and  na¬ 
ture  of  the  flaw.  For  small  spherical  Inclusions 
It  Is  given  by:  l3e(6'’  -  Ol/e'  +  2e  ,  where 
e  =  €q  +  (a) /to  and  cr  Is  the  conductivity. 
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in  the  sensitivity  of  our  detection  system.  It  can 
be  shown  that,  in  many  cases,  a  capacitive  probe 
will  achieve  more  easily  higher  ratios  of  E/l 
than  the  conventional  inductive  coll  probes  . 


E 


CAPACITIVE  probe  inductive  probe 


Fig,  2  Electric  fields  created  by  capacitive  and 
Inductive  probes . 

For  the  capacitive  probe  E  =  i/toCd  or 
(E/l)  =  l/toCd  ,  where  C  Is  the  capacitance  of 
the  probe.  For  the  inductive  probe  E  -  v/2jtR  = 
(toLI)/2irR  or  (F,/l)  s  (toL)/2rrR  ,  where  L  is 
the  inductance  of  the  coll.  Noting  that  C«e(A/d)  , 
and  L/N  a  uRN  , 

(E/l)  «  l/toeA  and  (E/l)  <*  topN  (2) 

He  conclude  that  for  low  frequency  flaw  detection 
(co€A  <  1)  we  get  higher  sensitivities  with  capaci¬ 
tive  probes . 

THE  DESIGN  OF  THE  PROBE 

To  detect  the  changes  in  the  impedance  of  a 
probe  we  make  use  of  a  four-arm  bridge  circuit. 

The  sensitivity  of  a  bridge  is  proportional  to 
bz/z  .  He  found  that  RZ  Is  proportional  to  u>  , 
and  (E/l)2  .  For  a  capacitive  probe  I  =  toCV 
and  Z  =  i/toC  .  Therefore 

(6Z/Z)  «  i  (E/V)2  (3) 


I 
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This  gives  ue  the  criteria  tor  the  design  of  our 
probe:  (1)  the  capacitance  of  the  prcbe  should  be 

as  low  as  possible,  and  (11)  the  ratio  of  e/v 
should  be  as  high  as  possible.  Here,  V  is  the 
voltage  applied  to  the  probe.  A  capacitive  probe 
was  designed  and  built  with  the  geometry  shown  In 
Fig-  5- 


Fig.  5  Signals  obtained  from  indentations  in  sili¬ 
con  nitride. 


PHASE  INFORMATION 


Fig.  3  The  geometry  of  the  probe. 

We  have  used  a  differential  probe  to  minimize 
lift-off  effects.  A  four-arm  bridge  (dotted  lines) 
Is  driven  at  a  frequency  of  1.0  MHz .  When  the  Im¬ 
pedance  of  one  arm  is  changed,  it  gives  an  output 
proportional  to  that  change,  which  is  then  ampli¬ 
fied  and  detected. 


To  be  able  to  predict  the  phase  angle  of  the 
signals  we  pick  up,  we  represent  our  capacitive 
probe  with  the  linear  circuit  model  shown  in  Fig.  6. 
Here,  we  represent  the  material  by  the  combination 
of  R  and  C(x)  and  lift-off  by  C(/)  .  A  flaw 
in  the  material  modifies  the  value  of  C  ,  and  to 
a  lesser  degree  that  of  R  (for  dielectrics).  We 
immediately  see  that  for  good  dielectrics  (R-»“)  , 
lift-off  and  flaw  signals  will  have  the  same  phase. 
To  show  the  general  behavior  we  have  plotted  the 
admittance  of  the  probe  in  the  complex  plane  and 
varied  the  values  of  R  ,  C(x)  ,  and  C (/''  from 
zero  to  infinity.  Note  that  for  high  values  of  R, 
the  phase  difference  between  flaw  and  lift-off  sig¬ 
nals  become  less  distinct. 


Fig.  U  The  circuit  diagram. 

EXPERIMENTAL  RESULTS 

In  the  actual  testing  we  keep  the  probe  fixed 
and  scan  the  test  sample  over  it.  The  following 
graph  (Fig.  5)  shows  the  signals  obtained  from  two 
surface  indentations  (hemispheres  of  diameters  250 
and  125  microns)  in  a  hot  pressed  silicon  nitride 
sample  (p  =  TOO  f)  cm  ,  e  2  9  at  1 .0  MHz). 


Fig.  6  Phase  information  from  a  capacitive  probe. 
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There  are  similarities  between  this  linear 
circuit  and  the  one  conventionally  used  for  induc¬ 
tive  coil  probes  (Fig.  7)-  The  lnpedance  of  this 
circuit  has  been  plotted  in  tne  complex  plane  for 
R  varying  from  zero  to  infinity  (Ref .  2) .  Here, 
the  flaw  is  represented  by  a  change  in  R  ,  and  the 
lift-off  by  a  change  in  the  transformer  coupling. 
Signals  from  the  flaw  and  the  lift-off  do  not  have 
an  appreciable  phase  difference  for  high-resistivity 
materials .  It  should  be  pointed  out  also  that  there 
is  a  rapid  loss  of  sensitivity  with  increasing 
values  of  R  . 


Fig.  7  Phase  information  from  an  inductive  probe. 

APPLICATIONS 

Expanding  the  scope  of  electromagnetic  testing 
to  materials  with  high  resistivities  has  many  poten¬ 
tial  applications  of  which  we  mention  a  few: 

(1)  The  testing  of  ceramic  structural  materials 
such  as  silicon  carbide  and  silicon  nitride 
which  are  used  in  the  aircraft  industry. 

(2)  Monitoring  the  production  of  htgh-resis- 
tivity  materials  when  the  resistivity  1b 
to  be  kept  uniform  (electric  heating 
strips) . 

(3)  Testing  solid  electrolytes  such  as  beta 
alumina  used  in  electric  batteries  where 
the  small  crackB  propagate  rapidly  under 
the  effect  of  high  currents. 

(b)  Possibly  being  able  to  monitor  the  pro¬ 
duction  of  optical  fibers,  lens  coatings, 
etc . 
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ADVANCED  ULTRASONIC  NDE  EQUIPMENT 


A,  S.  Blrks,  G.  J.  Posakony 
Battelle  Northwest  Laboratories 
Richland,  Washington  99352 


ABSTRACT 

Procurement  specifications  for  advanced  ultrasonic  equipment,  are  being  established  as  part  of  an 
Air  Force  Manufacturing  Technology  Division  program  to  Improve  the  reliability  of  nondestructive  exam¬ 
inations*.  A  breadboard  model  of  the  advanced  equipment  concepts  has  been  fabricated  to  demonstrate 
Improvements. 

Battelle  Northwest  Laboratories  has  established  a  preliminary  specification  for  the  advanced  NOE 
equipment  and  Is  current  procuring  prototype  models  huilt  by  two  different  manufacturers  to  this  speci¬ 
fication.  Demonstrations  of  Improvements  will  be  conducted  at  selected  field  locations.  A  procurement 
specification  will  be  subsequently  established  and  12  pre-production  models  of  the  advanced  equipment 
will  be  procured  to  further  validate  the  specification. 

The  breadboard  model  demonstrates  the  concepts  and  Improvements  currently  incorporated  In  the 
equipment.  Features  Include  accurate  manual  and  automatic  microprocessor  adjustments  of  Instrument 
settings  as  well  as  Improved  circuit  and  transducer  performance. 

For  further  Information  contact  A.  S.  Blrks,  Project  Manager,  Battelle  Northwest  Laboratories 
(509)  375-2372  or  R.  R.  Rowand,  Program  Manager,  Air  Force  Materials  Laboratories,  Dayton,  Ohio 
(513)  255-5407 


♦This  work  Is  sponsored  by  the  Manufacturing  Technology  Division  of  the  Air  Force  Wright  Aeronautical 
Laboratories  under  Contract  No.  F33615-78-C-5032 . 


IN-FLIGHT  FATIGUE  CRACK  MONITORING 
USING  ACOUSTIC  EMISSION^a ) 
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ABSTRACT 

The  purpose  of  this  effort  is  to  evaluate  the  use  of  acoustic  emission  (AE)  methods  to  detect 
fatigue  crack  growth  in  aircraft  structure  during  operation.  A  unique  AE  monitor  system  installed  on  an 
Australian  Air  Force  Macchi  326  aircraft  has  detected  AE  which  correlates  with  slow  crack  growth  during 
operation  over  the  past  year  and  a  Half. 

INTRODUCTION 


Much  of  the  application  development  work  on 
acoustic  emission  (AE)  over  the  past  ten  years 
nas  been  directed  toward  large,  stationary 
structures  such  as  nuclear  reactor  systems.  There 
has  been  relatively  limited  work  concerning  appli¬ 
cation  to  aircraft. 

The  program  discussed  here  was  initiated  in 
September,  1977.  The  purpose  was  to  evaluate 
application  of  an  AE  system  to  monitor  fatigue 
crack  growth  in  the  wing  structure  of  a  Royal 
Australian  Air  Force  (RAAF)  Macchi  MB  326  jet 
trainer  plane. 


The  wing  structure  is  presently  inspected  by 
ultrasonic  and  magnetic  rubber  methods.  Both 
methods  require  some  disassembly  of  the  aircraft 
for  appl ication. 

DISCUSSION 

The  Macchi  326  aircraft,  shown  in  Fiy.  1, 
is  used  by  the  RAAF  as  a  trainer  plane.  Fatigue 


Fig.  1  RAAF  Macchi  326  two  place  iet 
trainer. 


cracks  develop  in  fastener  holes  in  the  tension 
member  of  the  center  section  of  the  wing  structure 
(Fig.  2).  The  material  is  4340  steel.  The  two 
holes  marked  "3"  and  ''20"  in  Fig.  2  are  the  pri- 


a  Work  supported  by  the  U.S.  Defense  Advanced 
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Fig.  2  Wing  center  section  -  Macchi  326 
aircraft. 

mary  offenders. 

Acoustic  emission  (AE)  offers  the  potential 
for  continuous  monitoring  ot  these  fatigue  cracks 
to  indicate  crack  nrowth.  The  effort  d’scussed  in 
this  report  is  an  AE  qualification  experiment  to 
determine;  (a)  if  meaningful  AE  data  from  fatigue 
crack  qrowth  in  the  fastener  holes  can  be  measured 
during  in-flight  environment,  and  (b)  if  the  re¬ 
sulting  data  can  be  correlated  with  crack  growth 
rate  or  amount  of  crack  growth. 

MONITOR  SYSTEM  DEVELOPMENT 

Preliminary  system  requirements  were  establish¬ 
ed  through  discussion  with  the  Australian  Aero¬ 
nautical  Research  Laboratory  staff,  RAAF  personnel, 
and  U.S.  researchers  active  in  aircraft  monitoring 
programs. 

The  onboard  AF  monitoring  system  developed  is 
shown  in  Fig.  3.  Three  functional  components  in¬ 
stalled  on  the  aircraft  are;  (1)  sensors,  (2)  pre¬ 
amplifiers,  and  (3)  monitor  unit.  The  fourth  major 
piece  of  hardware  is  the  memory  readout  unit  which 
is  separate  from  the  monitor  system  mounted  on  the 
aircraft.  The  readout  unit  has  recently  been  up¬ 
grades  to  a  cassette  recorder  (Fig.  4)  for  easier 
input  to  a  computer. 

AE  data  screened  by  a  spatial  filter  is  re¬ 
corded  on  a  time  basis  in  a  nonvolatile  solid  state 
digital  memory.  At  the  conclusion  of  a  test  flight, 
the  memory  is  removed  for  interrogation  in  a  sepa¬ 
rate  instrument.  After  interronation ,  the  memory  is 


/ 


560 


Fig.  4  Cassette  memory  readout  system. 

erased  and  reused.  These  memories  have. a  large 
data  capacity  (more  than  66  million  counts)  and 
are  ideal  for  continuous  monitoring  applications. 

The  system  was  installed  in  August,  1978,  on 
a  Macchi  aircraft  at  Pearce  RAAF  Base  near  Perth, 
Australia.  Inspection  during  maintenance  overhaul 
established  that  it  had  developed  fatigue  cracking 
in  hole  Nc,  20  in  the  tension  member  of  the  wing 
structure  center  section.  Figure  5  shows  the 
installed  location  of  the  AE  sensors  on  the  tension 
member  and  the  spatial  filter  accept  zone.  Pre¬ 
amplifiers  were  mounted  on  an  existing  tray  in 
the  bottom  of  the  fuselage  near  the  tension 
member.  The  AE  monitor  unit  is  located  in  the 
front  cockpit  in  a  console  immediately  to  the 
right  of  the  pilot's  seat  (see  Fig.  6). 

RESULTS 

Analysis  of  AF  data  relative  to  growth  of  the 
fatigue  crack  is  expected  to  continue  For  probably 
another  year.  By  mutual  agreement,  the  data 
analysis  is  being  performed  by  the  Australian 


Aeronautical  Research  Laboratory.  Results  from 
analysis  of  data  over  the  past  year  and  a  half 
are  highlighted  in  Fig.  7  and  Fig.  8. 
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AE  versus  flight  regime  -  Macchi 
32.6  wing  box. 
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Figure  7  shows  that  most  of  the  valid  AE 
is  generated  during  low  level  flying.  This  is 
possibly  due  to  increased  wing  flexure  as  a  result 
of  greater  air  turbulence.  By  contrast,  high  "g" 
sustained  load  maneuvers  produce  relatively  little 
AE.  This  suggests  that  the  most  effective  mode  for 
applying  AE  to  detect  subcritical  fatigue  crack 
growth  is  continuous  monitoring  during  flight. 

A  proof  load  approach  ana^gous  to  the  in-flight 
high  "g"  sustained  load  condition  may  produce 
little,  if  any,  AE  from  a  subcritical  crack. 


DATA  OBTAINED  r'ROM  G  MARTIN. 

AERO.  RES  LAO,  MELBOURNE.  AUSTRALIA 


Fig.  8  AE  versus  crack  growth  -  Macchi 
326  aircraft  wing  box. 

Correlation  between  measured  crack  growth  and 
valid  AE  is  given  in  Fig.  8.  These  results  pro¬ 
vide  very  encouraging  evidence  that  the  valid  AE 
recorded  is  directly  related  tc  growth  of  the 
fatigue  crack. 

As  a  further  test  of  the  data  recorded  from 
the  crack  area,  the  accept  zone  for  valid  data 
was  shifted  to  a  similar  area  without  any  fasten¬ 
er  holes.  This  was  done  by  simply  changing  the 
acceptable  A-time  limits.  No  physical  reposition¬ 
ing  was  involved.  Out  of  28  flights  with  a 
variety  of  flight  regimes  monitored  in  this 
manner,  the  valid  count  was  6--all  from  the  first 
flight.  The  remaining  27  flights  produced  no 
valid  count.  The  total  count  (all  signals  de¬ 
tected  regardless  of  source)  remained  similar  to 
previous  monitoring. 

CONCLUSIONS 

Conclusions  we  draw  from  program  results  to 
date  are: 

1.  A  compact  monitor  system  can  be  made  to 

function  over  an  extended  period  (-•  one  year) 
under  in-flight  environmental  extremes  of 
temperature,  pressure,  "g"  forces  and 
transient  noise  signals. 


2.  AE  shows  a  direct  relationship  to  slow  crack 
growth  In  the  circumstances  of  this  test. 

3.  Analysis  of  AE  results  re’ative  *'0  sustained 
load  versus  varying  load  flight  conditions 
suggests  that  continuous  in-flight  AE  monitor¬ 
ing  would  be  more  effective  than  proof  load 
monitoring  in  detecting  subcritical  cracks. 
Active  subcritical  fatigue  cracks  may  not 
produce  AE  under  sustained  load  or  proof  load 
conditions. 

4.  The  program  results  justify  optimism  as  to  the 
feasibility  of  detecting  fatigue  crack  growth 
in  aircraft  structure  during  flight.  However, 
a  more  positive  method  of  identifying  crack 
growth  AE  in  the  presence  of  noise  signals 
generated  near  the  crack  such  as  fastener 
fretting  is  necessary  for  reliable  general 
application  of  the  capabilities  demonstrated. 
This  need  is  being  addressed  in  a  new  effort 
focusing  on  pattern  recognition  techniques 
for  signal  identification. 
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THE  ANALYTIC  SIGNAL  MAGNITUDE  FOR  IMPROVED  ULTRASONIC  SIGNATURES 
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ABSTRACT 

Conventional  pulse-echo  ultiasonic  receivers  rectify  the  received  signal  Because  the  signature  of 
the  reflecting  interfaces  is  modulated  by  the  predominant  ultrasonic  frequency,  Interpretation  of  this 
signal  in  terms  of  the  structure  of  the  reflecting  interfaces  is  difficult.  Smoothing,  as  by  an  R-C 
filter,  ameliorates  this  effect,  giving  a  less  confusing  display  at  the  expense  of  resolution. 

The  magnitude  of  the  analytic  signal,  on  the  other  hand,  represents  the  shape  of  the  energy  packets 
arriving  from  the  reflecting  interfaces.  Since  this  signature  is  free  of  modulation  effects,  interpreta¬ 
tion  of  the  signal  in  terms  of  the  reflecting  interfaces  is  more  straightforward.  Furthermore,  smoothing 
is  not  normally  needed. 

The  analytic  signal  magnitude  can  be  obtained  by  several  means.  The  implementation  used  in  this 
study  is  particularly  suited  for  digital  data  processing.  The  Hilbert  Transform  of  the  received  signal 
(the  "real  part")  is  obtained  with  the  aid  of  the  Fast  Fourier  Transform.  This  produces  the  quadrature 
component  (the  "imaginary  part").  The  magnitude  is  calculated  from  both  these  components. 

In  contrast  to  signal  processing  techniques  involving  deconvolution,  this  technique  is  surprisingly 
robust  with  respect  to  noise  and  quantization.  Typical  signatures  obtained  with  this  technique  are 


demonstrated. 

INTRODUCTION 

The  ultrasonic  A-mode  signal  provides  the 
starting  point  for  most  ultrasonic  systems. 

Although  the  A-mode  signal  is  often  not  displayed, 
its  characteristics,  which  are  affected  by  the 
transducer,  pulser,  and  receiver,  nevertheless 
limit  the  quality  of  the  final  display. 

Most  commercial  pulse-echo  systems  use  full- 
viave  rectification  as  part  of  the  signal  processing 
c.b;in.  Since  there  arc  only  a  few  peaks  in  a 
single  reflected  pulse,  the  envelope  is  poorly 
defined.  It  is  customary  to  smooth  the  signal  by 
an  R-C  filter.  This  improves  interpretabil  ity  at 
the  expense  of  resolution  of  closely  spaced  inter¬ 
face?  . 

THE  ANALYTIC  SIGNAL 

The  analytic  signal ,  which  was  defined  by 
Gator  in  1E47  (1)  provides  an  alternative  to 
rectification.  Its  magnitude  has  been  shown  to  be 
related  to  the  rate  of  arrival  of  che  energy 
density  (2).  Tbs  significance  of  the  time-energy 
concept  was  the  topic  of  several  papers  at  one  of 
the  sessions  of  the  Fall  1980  Acoustical  Society 
of  America  Meeting  (3). 

For  a  more  extensive  discussion  of  the  ana¬ 
lytic  signal  magnitude  and  its  relations  to  ultra¬ 
sonics,  the  reader  is  urged  to  refer  to  a  recent 
journal  paper  oy  the  author  (4).  Basically,  the 
analytic  signal  is  a  complex  signal  whose  quadra¬ 
ture  component?  dre  related  by  the  Hilbert  Trans- 
■"orii..  Generally,  the  real  quadrature  component  is 
taken  to  be  the  conventional  signal,  as  would  be 
observed  on  an  oscilloscope.  (Actually,  the 
conventional  signal  may  be  any  linear  combination 
of  the  quadrature  components.)  One  way  in  which 
the  Hilbert  Transform  of  any  function  can  be 


obtained  is  tc  interchange  the  sine  and  cosine 
terms  in  the  Fourier  expansion,  replacing  cos  wt 
by  sin  mt  and  sin  mt  by  -cos  mt  (5). 

EXFlKIMENTAL  VERIFICATION 

Data  were  taken  to  compare  this  processing 
scheme  with  conventional  rectification  and 
filtering.  A  digital  data  acquisition  system  was 
used  which  digitized  the  unprocessed  (raw  r-f) 
ultrasonic  signal.  For  comparison  of  the  effect 
of  the  signal  processing  schemes,  the  same  digital 
record  that  was  used  for  analytic  signal  magnitude 
processing  was  also  digitally  rectified  and 
smootheo . 

The  amplified  echo  was  digitized  using  a 
Bloroation  810D  transient  recorder.  This  instrument 
was  interfaced  with  a  Digital  Equipment  Corporation 
LSI-11  microprocessor,  which  stored  the  data  on 
diskettes  and  performed  all  of  the  later  processing. 
The  plots  were  produced  using  the  grapnics  mode  of 
the  Diablo  Hytype  1641  terminal.  All  programming 
was  done  in  l.ABFORTH  (6),  which  is  an  RT-11  resi¬ 
dent  version  of  FORTH  (7,8).  This  language  was 
chosen  because  assembly  language  routines  can  be 
written  directly  in  the  main  program  and  because  it 
offers  the  flexibility  and  immediate  accessibility 
of  an  interpreter. 

The  A-scans  were  produced  using  a  commercial 
pulser  and  receiver.  The  .arget  consisted  of  a 
sheet  of  acrylic  plastic,  at  a  range  of  approxi¬ 
mately  10  cm.  which  was  carefully  aligned  to 
obtain  the  maximum  specular  echo.  Because  this 
experiment  was  concerned  with  biological  applica¬ 
tions,  a  1  cm  section  of  formalin-fixed  hog  liver 
wa;  placed  between  the  transducer  and  the  target  to 
simulate  the  general  „ype  of  signal  distortion 
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(attentuation,  refraction,  and  scattering)  that  Is 
encountered  when  Imaging  through  biological  and 
other  non-uniform  media. 

The  data  were  digitized  to  8- bl t  resolution  at 
10  ns  Intervals  for  records  of  2048  points.  A 
2048  point  real-valued  FFT  algorithm  was  used  to 
compute  the  quadrature  component  by  a  Fourier 
Transform  technique.  The  details  of  these  calcula¬ 
tions  are  explained  elsewhere  (4). 

The  results  of  three  types  of  detection 
(rectification  alone,  rectification  with  smoothing, 
and  computation  of  the  analytic  signal  amplitude) 
are  compared  in  Fig.  1  ,  which  shows  the  overlapping 
echoes  from  the  front  and  back  faces  of  the  lucite, 
The  echoes  from  the  tissue,  which  would  be  far  to 
the  left  of  these  traces,  are  not  shown.  Similar 
results  were  obtained  when  only  water'was  in  the 
path  between  the  transducer  and  reflector.  The 
results  with  tissue  in  the  path  are  shown  as  they 
represent  a  more  realistic  case  which  includes 
distortions  induced  by  the  propagation  media. 

The  absolute  value  of  the  received  signal, 
which  would  be  the  result  of  the  full-wave  rectifi¬ 
cation  with  little  or  no  smoothing,  is  shown  in 
Fig.  la.  It  is  difficult  to  identify  the  precise 
location  of  the  interfaces  on  this  A-mode  presenta¬ 
tion. 

Figure  lb  is  the  result  of  applying  an  R-C 
filter,  simulated  by  digital  processing,  to  Fig.  la. 
A  time  constant,  of  0.64  ps  was  used  with  a  trans¬ 
ducer  center  frequency  of  2.25  MHz.  This  choice  of 
a  time  constant  produces  a  smoothing  that 
represents  a  typical  compromise:  it  is  not  quite 
enough  smoothing  to  give  a  smooth  rising  edge  to 
the  signal,  although  it  is  high  enough  to  produce 
a  long  trail i"g  edge,  which  sacrifices  resolution. 

A  longer  or  shorter  time  constant  would  result  in 
improvement  of  one  of  these  aspects  but  degradation 
of  the  other.  Note,  incidentally,  that  smoothing 
delays  the  peak  by  approximately  one-half  cycle,  as 
compared  to  Fig.  la. 

The  analytic  magnitude  of  the  same  signal,  as 
shown  in  Fig.  lc,  gives  an  A-scan  that  is  easier  to 
read  than  the  rectified  signal  and  has  better  reso¬ 
lution  than  the  rectified  and  smoothed  signal. 

This  signal  is  much  smoother  than  the  signal  that 
is  only  rectified  and  yet  its  peak  occurs  at  approx¬ 
imately  the  same  epoch.  The  analytic  signal  magni¬ 
tude  is  expected  to  be  the  best  measure  of  the  time 
at  which  the  peak  occurs.  Clearly,  the  two  inter¬ 
faces  are  most  readily  resolved  by  the  analytic 
signal  magnitude. 

To  answer  the  question  of  the  suitability  of 
this  technique  for  the  complicated  echoes,  such  as 
arise  in  biological  samples,  the  echoes  from  a 
section  of  excised  injured  cat  spinal  cord  were 
studied.  Figure  2  shows  the  digitized  A-mode 
signs'  and  the  calculated  analytic  signal  magnitude 
of  such  a  specimen.  The  strong  specular  echoes  al~e 
clearly  resolved  and  the  fine  internal  echoes  can 
1°  seen.  Since  thj  processing  scheme  works  for 
this  biological  system,  it  would  also  be  expected 
to  work  well  with  the  fine  echoes  from  grain 
boundaries  and  other  distributed  reflections. 


CONCLUSIONS 

This  study  clearly  demonstrates  that  the  ana¬ 
lytic  signal  magnitude  provides  better  resolution 
than  does  either  rectification  alone  or  rectifica¬ 
tion  with  smoothing.  In  these  experiments,  the 
analytic  signal  magnitude  was  calculated  by  com¬ 
puter  processing  of  sampled  data,  which  demonstrates 
the  utility  of  the  method.  Although  digital 
implementation  of  such  processing  is  currently 
prohibitively  expensive,  in  a  few  years,  production 
of  a  commercial  clinical  or  industrial  instrument 
incorporating  this  technique  may  wel  1  become  commer- 
c  1  a  1 1 ; '  viable.  Alternative  implementations,  using 
analog  circuits,  have  produced  equally  good  results. 

The  analytic  signal  magnitude  has  been  suc¬ 
cessfully  used  in  our  laboratory  for  the  production 
of  images  of  biological  specimens  that  include  the 
soft  internal  echoes.  This  technique  is  expected 
to  be  particularly  useful  in  those  nondestructive 
evaluation  applications  where  closely  spaced  echoes 
are  to  be  resolved  and  where  signature  analysis  is 
to  be  performed.  The  signature  analysis  would  be 
aided  by  the  fact  that  this  signal  represents  the 
rate-cf-arrival  of  energy  from  'he  specimen  and  is 
not  affected  by  the  phase  characteristics  of  the 
transducer. 
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ABSTRACT 

The  paper  gives  an  outline  of  the  non-destructive  evaluation  (NDE)  methods  currently  being  pursued  at 
the  Admiralty  Marine  Technology  Establishment,  Dunfermline,  Scotland. 

The  methods  are  being  used  to  locate  and  characterise  fatigue  cracks  In  high  yield  strength  welded 
steel  structures. 

The  techniques  have  been  applied  principally  to  large  fatigue  models  (5'  and  9'  diameter)  as  part  of 
a  comprehensive  fatigue  progranme,  with  back-up  work  on  large  T-butt  welded  "type  test"  specimens. 

Results  are  presented  which  Illustrate  the  progress  made  with  each  technique  in  detecting  and  sizing 
fatigue  cracks  In  welded  structures.  An  Indication  of  the  accuracy  and  reproducibility  is  given  with 
particular  reference  to  ultrasonic  diffraction  and  ACPD  techniques. 


INTRODUCTION 

The  development  of  welding,  the  use  of  high 
strength  steels,  the  tendency  to  Increased  loading 
and  the  need  to  resist  marine  environments  In 
naval  structures  has  focussed  attention  on  the 
significance  of  defects  and  their  possible  exten¬ 
sion  under  cyclic  loading. 

With  the  Increasing  use  of  fracture  mechanics 
to  assess  defect  tolerance,  characterisation  of 
defects,  specifically  planar  defects,  by  non-des¬ 
tructive  evaluation  (NDE)  has  become  an  integral 
part  of  any  fracture  control  plan.  Without  a 
knowledge  of  crack  dimensions  present  In  a  struc¬ 
ture  rracture  mechanics  analyses  become  of  limited 
valuo. 

The  authors  are  Involved  in  a  comprehensive 
fatigue  testing  programme  incorporating  large 
welded  high  yield  (HY)  steel  models  and  Inter¬ 
mediate  scale  "type"  tests.  NDE  forms  an  impor¬ 
tant  part  of  this  programme.  It  is  aimed  at  crack 
detection  and  sizing  with  a  view  to  obtaining 
information  on  fatigue  crack  Initiation  and  propa¬ 
gation  under  appropriate  loading  conditions. 

In  this  context,  the  paper  outlines  NDE 
methods  currently  being  used  (or  under  consider¬ 
ation)  at  AMTE  Dunfermline,  Scotland  to  charac¬ 
terise  surface  breaking  fatigue  cracks  In  welded 
HY  steel  structures.  An  Indication  of  the  types 
of  structure  involved  Is  given,  the  techniques 
employed  described,  and  results  presented  to 
Illustrate  performance  of  some  of  these 
techniques. 

STRICTURES 

Two  series  of  model  structures  are  being 
Investigated. 

1.  Cylindrical  models  of  about  4  1/2  ft 
diameter  which  may  be  of  ring 
stlffened/unstlffened  hourglass  or  plane 
stiffened  cylinder  design. 

2.  Plane  cylinder  models  of  about  9  ft. 
diameter  with  multiple  ring  stiffening. 


Figure  1  shows  the  simplest  of  the  small 
diameter  models,  a  cylinder  with  a  centrally 
located  bulkhead.  The  bulkhead  to  shell  joint  Is 
a  full  penetration  T-butt  weld.  A  typical  small 
diameter  framed  hourglass  model  is  illustrated  In 
Fig.  2.  The  minor  cylinders  are  joined  to  the 
major  cylinders  by  30°  and  45°  cones  resulting  In 
angled  butt  (knuckle)  welds.  Frames  are  attached 
to  the  minor  cylinders  again  by  full  penetration 
T-butt  welds. 


Fig.  1  Model  No.  SI,  general  arrangement. 


A  typical  large  diameter  model  Is  shown  in 
Fig.  3.  This  contains  a  range  of  frame  sizes  plus 
a  large  bulkhead.  All  welds  are  full  penetration 
T-fcutts.  The  large  models  weigh  somewhere  In  the 
region  of  40  tons. 

All  models  have  dome  end  closures  with  an 
access  hatch  at  one  end. 

Tension  residual  stresses  induced  during 
welding  at  the  T-butt  welds  result  In  a  net  ten¬ 
sion  cycle  under  the  externally  applied  compres¬ 
sive  test  load.  Fatigue  cracking  under  test 
occurs  at  both  knuckle  and  T-butt  welds.  No 
cracking  Is  experienced  at  longitudinal  or 
circumferential  seam  but^  welds. 
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Fig.  3  Model  LI. 


The  principal  "type"  test  specimen  used  is 
shown  in  Fig.  4,  i.e.,  a  full  penetration  T-butt 
weld.  Such  a  specimen  Is  subjected  to  fatigue 
loading  under  three  point  bend,  see  Fig.  5, 
resulting  in  fatigue  crack  initiation  at  the  weld 
toes  and  propagation  through  the  plate  thickness. 


P 


Fig.  4  AMTE  -  3  point  bend  test  piece 


NDE  TECHNIQUES 

The  techniques  being  actively  employed  In 
detection  and  sizing  of  surface  breaking  fatigue 
cracks  are  - 


1.  Amlec  Eddy  Current 

2.  Ultrasonic  Diffraction 

3.  Alternating  Current  Potential  Drop  (ACPD) 

4.  Conventional  Pulse-echo  ultrasonics 

Other  techniques  at  an  early  stage  of 
Investigation  include  - 

5.  Acoustic  Emission 

6.  Ultrasonic  -  mode  conversion 

7.  Fully  automated  nwltl-probe  ultrasonic 
scanning  unit. 


An  alternating  magnetic  field  is  Induced  Into 
the  material  at  the  position  to  be  Inspected  and 
changes  in  the  impedance  caused  by  surface  break¬ 
ing  defects  can  be  detected.  The  Instrument  is 
designed  to  be  relatively  Insensitive  to  probe 
position  by  applying  a  back-off  voltage  to  the 
probe.  Although  changes  In  t.he  geometry  and 
material  which  occur  at  a  weld  can  give  rise  to 
changes  in  Amlec  readings,  they  are  usually  small 
enough  to  be  neglected  during  crack  detection. 

At  AMTE  it  is  used  principally  as  a  surface 
crack  detection  technique.  Nc  reliable  relation¬ 
ship  between  Amlec  readings  and  crack  depth  are 
available  at  present.  However,  work  is  in  hand  to 
try  and  quantify  results. 

2.  Ultrasonic  Diffraction 


This  technique  is  being  used  at  AMTE  from  both 
cracked  and  uncracked  surfaces. 

When  a  pulse  of  ultrasound  is  projected 
towards  a  crock  the  sound  Is  diffracted  (or 
scattered)  3t  the  crack  tip.  By  placing  trans¬ 
mitting  and  receiving  transducers  on  either  side 
of  the  r-ack  (Fig.  6)  and  carefully  measuring  the 
flight  time  of  such  a  pulse  the  crack  depth  can  be 
calculated  from  the  transducer  spacing,  velocity, 
and  flight  time  (2),  (3). 


1.  Amlec  (Eddy  Current) 

Eddy  currents  (1)  are  induced  by  Amlec  and 
other  instruments  which  can  detect  the  presence  of 
cracks  Interrupting  the  eddy  currents.  This  has 
become  a  principal  method  of  surveillance. 


Measurement  from  the  Cracked  Surface  (2)  -  The 
position  of  the  crack  tip  as  defined  by  the  f 1 1 ght 
time  lies  along  an  elliptical  path  the  foci  of 
which  is  the  transducer  centers.  The  minimum 
flight  time  for  a  particular  transducer  spacing 
occurs  when  the  crack  tip  is  equidistant  from  each 
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Fig.  10  Ultrasonic  diffraction  from  the  uncracked 
surface  of  a  Tee  butt  weld. 

By  using  alternating  current  (AC)  the  current 
is  passed  through  only  a  thin  surface  layer  ("skin 
effect"),  and  consequently  the  current  necessary 
to  produce  a  given  field  strength  at  the  surface 
Is  much  less  than  with  DC. 

AC PD  Is  being  used  extensively  at  AMTE  both  on 
the  large  model  structures  and  T-butt  'type'  test 
pieces  to  site  fatigue  cracks  and  also  to  obtain  a 
continuous  reading  of  crack  depth  as  It  Increases 
during  a  test  (l.e.,  "on-line"). 

The  technique  relies  on  the  change  1r  resist¬ 
ance  occurring  when  a  crack  is  Introduced  Into  the 
structure.  AC  (constant  current)  Is  applied  to 
the  test  area  and  the  PD  measured  both  across  the 
crack  and  adjacent  to  It.  In  Fig.  11,  the  current 
path  Is  seen  to  be  restricted  to  the  near  surface 
layers.  The  PO  between  the  output  probes  Is  a 
measure  of  the  current  path,  so  that  the  ratio  of 
the  PD  in  the  presence  of  a  crack  to  that  In  the 
absence  of  a  crack  will  allow  calculation  of  the 
crack  length,  Fig.  11. 

4.  Conventional  Pulse-echo  Ultrasonics 


The  performance  of  the  pulse-echo  technique 
with  regard  to  sizing  of  fatigue  cracks  In  T-butt 
welds  Is  not  good.  However  It  Is  useful  In  the 
Initial  detection  of  cracks.  At  AMTE  It  Is  used 
In  conjunction  with  Amlec  for  datum  surveys. 

The  following  techniques  are  at  an  early  stage  of 
evaluation  - 

5.  Acoustic  Emission  (8),  (9) 


V  d*2o 


Fig.  11  Arrangement  of  probe  &  input  points 
(not  to  scale). 

6.  Ultrasonic  Mode  Conversion  Technique  (10). 

This  appears  to  be  a  promising  technique  for 
fatigue  crack  sizing.  The  method  was  originally 
used  to  give  depth  measurements  of  thin  machined 
slots  (11)  by  directing  compresslonal  waves  at  the 
feature  and  measuring  the  generated  Rayleigh 
waves,  see  Fig.  12.  The  basic  technique  Is  a  two- 
probe  method  which  uses  the  frequency  content  of 
mode-converted  pulsed  ultrasonic  waves  that  are 
generated  when  a  pulsed  wave  Interacts  with  a 
ta.get,  for  defect  characterization.  For  a 
surface  breaking  crack  the  frequency  content  of 
the  scattered  signals  has  been  found  to  be  related 
by  a  (l/f2)  relationship  to  the  crack  depth  (11). 


MODE  -  CONVERTED 
PULSE 


t *r  r~i  RECEIVER 
-°cAj 1 — *— - , 


f  V 

(  f  f  N  INPUT  PULSE 

M  transmTtter 

Fig.  12  Compresslonal  -  raylelgh,  mode 
conversion  technique. 


Acoustic  Emission  (AE)  analysis  Is  being  used 
in  the  fatigue  model  structures  to  locate  "active 
sites",  l.e.,  as  an  Initiation  detection 
technique. 

Trials  using  up  co  four  transducers  are  under¬ 
way  In  various  fatigue  models  and  It  Is  hoped  that 
useful  Information  on  defect  location  will  be 
obtained  during  1980/81. 


The  method  has  been  successfully  used  to 
defect  and  provide  the  relative  sizes  of  fatigue 
cracks  In  an  AMTE  "T  butt"  weld  (12). 

A  further  test  was  performed  at  Dunfermline  In 
early  1980  on  one  of  the  AMTE  hourglass  fatigue 
models.  The  results  showed  that  cracks  could  be 
detected  In  such  'real'  structural  units  and  that 
the  received  signals  had  structure  (13).  However, 
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the  system  used  was  a  conventional  NOT  set  and 
there  was  not  sufficient  calibration  Information 
to  perform  a  complete  sizing  operation. 

An  Investigation  Into  the  development  and 
application  of  the  technique  to  fatigue  crack 
sizing  In  "T-butt"  weldments  Is  now  the  subject  of 
an  AMTE  extramural  contract  (14). 

7.  Fully  Automated  Multi-probe  Ultrasonic 
Scanning  Unit 


Figure  13  shows  the  actual  crack  depth  profile 
over  stations  305°  to  320°.  It  may  be  seen  from 
this  figure  that  the  maximum  crack  depth  Is  about 
18  mn. 

Figure  13a  illustrates  the  Amlec  (eddy 
current)  profile.  This  of  course  Is,  as  stated 
earlier,  purely  qualitative.  However,  It  does 
show  that  the  general  profile  Is  well  represented 
by  Amlec. 


An  Industrial  contract  Is  currently  underway 
to  develop  a  computerised  fully  automatic  ultra¬ 
sonic  multi-probe  weld  scanner  to  be  used  on  AMTE 
fatigue  models  to  locate  defects,  detect  changes 
in  depth,  and  record  the  results. 

The  system  has  the  following  specification  - 

Capability  to  Identify  cracks  greater  than 
2  mm  deep  and  to  show  changes  In  crack  depth 
greater  than  1  mm.  The  system  will  be  capable  of 
continuously  examining  one  complete  weld  three 
metres  In  diameter. 

The  system  is  principally  designed  to  examine 
T-butt  welds  In  the  large  fatigue  models  but  will 
also  have  the  capability  of  examining  longitudinal 
and  circumferential  butts. 

The  ultrasonic  head,  with  two  45°  shear  wave 
and  one  compression  wave  probe.  Is  held  in  contact 
with  the  outside  of  the  model  and  scanned  trans¬ 
versely  across  the  weld  while  the  model  Is 
rotated,  thus  describing  a  zig-zag  path  around  the 
model.  The  two  45°  shear  wave  probes  will  be  used 
In  the  pitch  and  catch  mode  on  either  side  of  the 
weld  to  monitor  plate  thickness  and  coupling, 
while  the  90°  probe  will  be  looking  for  lamellar 
defects-  Hurl  no  the  remainder  of  the  scan  each 
probe  will  be  recording  both  flaws  and  weld  pro¬ 
file  Independently.  The  output  from  the  ultra¬ 
sonic  probes  Is  stored  on  floppy  discs  which  can 
be  displayed  on  a  VDU  either  during  the  scanning 
operation  or  later.  The  presentation  on  the  VDU 
will  be  a  "8"  scan  showing  both  weld  profile  and 
flaws.  The  system  will  also  have  the  capability 
of  displaying  two  such  profiles  from  subsequent 
tests  to  look  for  changes.  Ic  will  also  be 
possible  to  compare  the  output  from  two  floppy 
discs  automatically  and  get  a  print-out  of  the 
position  and  amplitude  of  changes. 

RESULTS 


Comparative  Performance  of  the  Techniques  on  a 
fatigue  Model  -  The  majority  of  the  comparative 
work  has  been  performed  on  Model  SI  (Fig.  1). 

This  model  was  fatigued  to  approximately  50,000 
cycles  until  a  through  crack  developed  over  part 
of  the  circumference.  Fatigue  cracks  initiated  at 
the  forward  and  aft  weld  toes  at  the  bulkhead  to 
cylinder  T-butt  joint. 

Part  of  the  bulkhead  to  cylinder  weld  was 
removed  and  sectioned  for  optical  measurement  of 
actual  crack  depths  to  allow  comparison  with  depth 
profile  estimates  made  by  the  five  techniques. 

The  results  are  shown  in  Fig.  13a  to  d.  For 
clarity  of  presentation  only  the  forward  toe  crack 
Is  considered. 
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Fig.  13  Comparison  of  crack  depth  with  various 
measuring  techniques  forward  TOE  of 
bulkhead  weld. 


It  Is  also  very  useful  In  showing  changes  In 
crack  depth  as  the  fatigue  test  proceeds,  see 
Fig.  14.  This  Is  a  polar  diagram  of  a  submerged 
arc  (SA)  circumferential  angled  butt  weld  In  one 
of  our  hourglass  models  showing  Amlec  readings 
taken  at  commencement  of  test  (datum)  and  after 
5,000  and  10,000  cycles.  The  figure  quite  clearly 
shows  the  progression  o*  the  fatigue  crack  In  a 
qualitative  manner.  There  are  several  Interesting 
features  apparent.  It  will  be  seen  that  the  weld 
was  profile  dressed  (ground)  over  180°,  the 
remainder  being  left  In  the  'as  welded1  or 
unground  condition.  Additionally  It  Is  seen  that 
artificial  defects  (0.005"  wide  slits)  have  been 
Introduced  at  roughly  90°  and  180°  in  the  ground 
regions.  The  significant  points  to  note  are  that 
crack  growth  has  occurred  only  In  the  as  welded 
section  even  after  10,000  cycles,  and  that  no 
crack  growth  has  occurred  From  the  artificial 
defects  In  the  ground  section. 


The  fatigue  crack  profile  predicted  by  the 
ultrasonic  diffraction  technique  used  from  the 
"crack  open"  side,  1,e. ,  operating  from  Inside  the 
model.  Is  shown  In  Fig.  13b.  This  In  fact  shows 
the  combined  for  and  aft  crack  profiles  as  one 
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crack.  However,  If  only  the  right  hand  side  of 
the  profile  Is  considered  (where  there  Is  only  one 
crack  l.e.,  the  forward  toe  crack),  It  Is  seen 
that  the  agreement  with  the  actual  measured 
profile  Is  quite  good. 

The  ACPI)  estimated  fatigue  crack  profile  is 
shown  In  Fig.  13c.  The  agreement  here  Is  good 
except  for  an  over-estimate  at  the  maximum  depth. 
However,  since  these  results  were  obtained,  con¬ 
siderable  Improvements  have  been  made  in  the  ACPI) 
technique  and  It  now  shows  a  marked  improvement  In 
depth  estimation  (see  later). 

Figure  13d  Illustrates  the  results  obtained 
using  the  diffraction  technique  from  the  "crack 
closed"  side,  l.e.,  operating  outside  the  model. 
The  fatigue  crack  profile  estimate  In  this  case 
shows  very  good  agreement  with  the  actual  profile. 


An  "as  welded"  T-butt  was  prepared  having 
dimensions  shewn  In  Fig.  15.  it  was  subsequently 
fatigue  cracked  under  0-tenslon  three  point  bend 
loading  to  give  cracks  at  the  weld  toes  along  the 
full  200  nm  width  of  the  specimen.  On  load  PD 
measurements  were  taken  at  10  me  Intervals  with 
each  Instrument  under  constant  current  conditions 
using  Input,  frequencies,  Input  positions  and 
standard  output  probes  as  recommeded  by  the  manu¬ 
facturers,  The  arrangement  of  probe  and  Input 
points  was  as  shown  In  Fig.  11. 


Fig.  15  T-butt  weld  specimen. 

Finally,  the  actual  crack  depth  profiles  were 
obtain  by  sectioning  and  optical  microscope 
measurment  at  10  me  Intervals  corresponding  to  the 
Instrument  measurement  position. 

Figure  16  shows  the  results  of  the  accuracy 
check.  Results  from  both  Instruments  were  suffi¬ 
ciently  close  that  only  one  ACPO  profile  plot  Is 
shown  for  clarity.  It  will  be  seen  from  this 
figure  that  the  accuracy  of  the  technique  Is 
extremely  good,  except  perhaps  towards  the  edges 
of  the  specimen  where  variation  might  be  expected 
due  to  edge  effects.  These  results  reflect  the 
Improvement  In  the  performance  of  ACPD  achieved 
since  the  technique  was  applied  to  the  early  SI 
model . 


The  depth  estimate  made  by  the  conventional 
ultrasonic  pulse-echo  technique  was  so  poor  that 
it  was  not  considered  worth  Illustrating.  The 
method  grossly  underestimated  the  crack  depth 
profile  and  showed  that  In  the  T-butt  weld  situa¬ 
tion  this  technique  Is  of  little  value. 

Tests  on  T-butt  Welds 

ACPD  -  The  ACPD  technique  applied  to  surface 
breaking  crack  depth  measurement  has  been  under 
development  for  several  years.  Instruments  are 
now  commercially  available  which  claim  to  be  able 
to  measure  fatigue  cracks  to  an  acceptable 
accuracy.  This,  of  course,  Imnedlately  begs  the 
question  as  to  what  Is  "acceptable  accuracy." 

Since  there  Is  little  published  data  on  the 
accuracy  and  reproducibility  of  ACPD  instruments 
in  sizing  surface  breaking  fatigue  cracks,  especi¬ 
ally  In  T-butt  welds  It  was  decided  to  conduct  a 
controlled  experiment  to  evaluate  the  performance 
of  two  commercially  available  Instruments. 


Fig.  16  ACPD  estimation  of  fatigue  crack  profile 
In  a  T-butt  weld. 
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To  check  on  measurement  reproducibility  three 
operators  obtain  ACPD  profiles  on  a  T-butt  under 
Identical  operating  conditions.  The  results  are 
shown  In  Tig.  17  from  which  It  can  be  concluded 
that  reproducibility,  at  lease  under  favourable 
laboratory  conditions,  was  of  a  high  degree. 

Ultrasonic  Diffraction  -  Preliminary  results  from 
a  programme  desi gned  to  Investigate  the  effects  of 
factors  such  as  applied  stress,  crack  closure, 
environment,  weld  profile  etc.,  on  the  results  of 
ACPD  and  diffraction  measurements  are  given  In 
Fig.  19.  Work  Is  at  a  very  early  stage,  however, 
Fig.  18  gives  some  Indication  of  the  comparative 
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Fig.  17  ACPD  estimation  of  fatigue  crack 
profile  In  a  T-butt  weld-repro- 
ducl bill ty  of  results. 

performance  of  ACPD  and  ultrasonic  diffraction  of 
a  fatigue  cracked  T-butt. 

The  dimensions  of  the  test  piece  were  as  In 
Fig.  15,  with  the  joint  In  the  "as  welded"  condi¬ 
tion.  All  measurements  were  performed  "on¬ 
load."  The  diffraction  measurements  were  obtained 
with  the  transducers  on  the  "crack-closed"  side, 
while  the  ACPD  set-up  was  again  as  shown  In 
Fig.  11. 

Referring  to  Fig.  18,  over  the  central  100  ms 
or  so  of  the  crack  profile  the  agreement  between 
between  ACPD  and  ultrasonic  diffraction  is  excel¬ 
lent  being  for  the  most  part  within  1  mm  of  each 
other.  The  agreement  of  both  predicted  profiles 
with  the  actual  profile  (obtained  by  sectioning) 


Fig.  18  Comparison  of  ACPD  ultrasonic  dif¬ 
fraction  and  actual  fatigue  crack 
profiles  In  an  "AS  welded"  T-butt. 


Is  again  extremely  good.  In  fact  an  envelope  of 
width  just  over  1  mm  could  be  drawn  to  encompass 
all  three  results  at  least  over  the  central  100  mn 
or  so.  It  Is  only  at  the  specimen  edges  where 
large  discrepancies  begin  to  appear  due  to  edge 
effects.  The  diffraction  results  In  particular 
have  given  a  very  consistent  picture  showing  a 
smooth  gently  bowed  crack  profile. 

Other  diffraction  work  (15)  done  under 
contract  using  a  similar  T-butt  weld  containing  a 
fatigue  crack  of  maximum  depth  about  3  mm  has 
shown  that  the  errors  observed  between  actual  and 
predicted  depth  were  In  the  region  of  t  0.15  mm. 

It  was  also  found  that  a  crack  depth  of  about 
1.5  mm  was  required  before  a  reasonable  precision 
In  percentage  terms  (10%)  was  obtained.  However, 
the  presence  of  a  crack  signal  was  detectable  down 
to  a  depth  of  around  0.5  mm.  It  should  be  noted 
that  these  results  were  obtained  under  very 
strictly  controlled  laboratory  conditions. 

CONCLUDING  REMARKS 


In  this  paper  an  attempt  has  been  made  to  give 
a  clear  Indication  of  the  type  of  NDE  work  being 
carried  out  at  AMTE  Dunfermline. 

The  various  types  of  large  fatigue  model 
structures  being  used  as  vehicles  for  evaluation 
of  NDE  techniques  In  realistic  welded  situations 
have  been  outlined  together  with  the  intermediate 
scale  T-butt  weld  laboratory  "type  test." 

The  NDE  techniques  being  actively  pursued  and 
those  under  consideration  for  further  Investiga¬ 
tion  have  been  Indicated. 

The  results  obtained  so  far  from  model  and 
type  test  have  shown  that: 

1.  Ultrasonic  diffraction  from  the  "crack 
closed"  side  appears  to  be  the  most 
accurate  and  convenient  technique  for 
sizing  surface  breaking  fatigue  cracks. 

The  technique  used  from  the  crack  open 
side  Is  equally  accurate,  however,  it  Is 
less  easy  to  use  in  the  practical  model 
situation.  Hence  the  former  Is  the 
preferred  method. 

2.  The  ACPD  technique,  used  of  course  from 
the  crack  open  side,  has  been  shown  to  be 
accurate  and  reproducible  in  trials  on 
T-butt  weld  type  tests  under  controlled 
laboratory  conditions. 

3.  The  eddy  current  Amlec  technique  has  been 
shown  to  be  adequate  for  fatigue  crack 
detection  and  the  qualitative  progressing 
of  such  cracks  In  fatigue  models. 

4.  Conventional  pulse- echo  ultrasonics  is 
inadequate  for  crack  sizing  in  T-butt  weld 
situations. 

5.  The  ultrasonic  mode-conversion  technique 
promises  to  be  a  useful  method  for  crack 
sizing  and  is  being  pursued  through 
extramural  contract. 

6.  Acoustic  emission  is  being  pursued  as  a 
defect  location  technique  In  the  fatigue 
model s. 
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7.  Encouraging  results  have  been  obtained 
with  a  multi-probe  automated  ultrasonic 
scanning  unit  for  use  In  fatigue  crack 
detection  in  models. 

8.  "On-line"  ACPD  has  been  used  In  model 
tests  to  obtain  continuous  readlnys  of 
crack  depth  versus  number  of  cycles. 
Complete  analysis  Is  awaited,  however, 
Initial  results  would  Indicate  that  the 
technique  is  viable. 

FUTURE  WORK 

Eddy  Current  -  The  main  requirements  here  are  to 
quantify  results  and  to  automate  the  technique. 
Investigations  are  planned  using  mul tl -frequency 
units  (16).  Automation  would  considerably 
decrease  Inspection  time,  however,  it  may  be 
difficult  to  attain  In  complex  model  structures. 

Ultrasonic  Olffractlon  -  More  practical  experience 
is  required  in  using  the  technique  in  complicated 
model  structures.  A  requirement  exists  to  cope 
with  situations  where  physical  constraints  make  it 
Impossible  to  deploy  the  transducers  astride  the 
crack.  In  this  context  extramural  contract  work 
Is  underway  to  Investigate  the  feasibility  of 
operating  with  the  transmitting  and  receiving 
transducers  on  the  same  side  of  the  crack,  other 
transducer  positioning  Is  also  being  Investigated. 

In  the  longer  term,  It  Is  planned  to  look  at 
the  possibility  of  Incorporating  diffraction  Into 
the  multi-probe  scanning  unit. 

Ultrasonic  Mode-Conversion  -  As  Indicated  earlier 
extramural  contract  work  Is  about  to  comnence  on 
the  potential  of  this  technique  for  sizing  cracks 
particularly  In  the  T-butt  weld  situation.  The 
technique  may  also  prove  useful  where  very  small 
cracks  are  concerned. 

ACPD  -  To  make  effective  use  of  ACPD  for  both 
point  probing  and  "on-line"  crack  depth  measure¬ 
ment  In  models  and  laboratory  specimens  It  Is 
necessary  to  evaluate  parameters  which  may 
Influence  the  accuracy  and/or  reproducibility  of 
results.  To  this  end,  Intra-  and  extra-  mural 
work  Is  planned.  Several  factors  require 
Investigation  Including: 

1.  Angled,  stepped  and  branching  cracks 

2.  Crack  aspect  ratio 

3.  Cracks  In  both  weld  metal  and  parent  plate 

4.  Applied  stress  effects 

5.  Crack  closure,  and  dehrls  In  cracks 

6.  Effect  of  water  environment 

7.  Time  dependence 

Additionally  work  is  required  on  several  aspects 
of  Instrumentation  and  application  particularly 
with  regard  to  underwater  "on-line"  work,  e.g. , 
watertight  pre-amplifiers  and  switches,  optimised 
screening  of  Input  and  probe  leads,  probe  design 
and  electrode  attachment  in  difficult  geometries 
etc. 


As  with  diffraction  more  experience  Is 
reqult-ed  on  complex  model  structures. 

Acoustic  Bnlsslon  -  Work  will  continue  with  the 
development  of  a  reliable  defect  location  system 
for  use  In  the  fatigue  models.  In  addition, 
laboratory  work  Is  planned  to  Investigate  the 
relationships  between  AE  and  type  of  fracture. 
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SUMMARY  DISCUSSION 


Unidentified  Speaker:  Your  data  showing  the  ground  and  unground  portion  of  the  welds  Indicate  one 
should  draw  the  logical  conclusion  that  by  simply  grinding  the  welds,  you  eliminate  fatigue 
cracks. 

lain  Kilpatrick  (Admiralty  Marine  Technology  Establishment):  The  data  was  up  to  10,000  cycles  only.  We 
would  expect  for  these  particular  vessels  a  longer  fatigue  life  than  10,000  cycles.  We  have 
experienced  fatigue  cracking  in  ground  welds  and  In  the  case  shown  I  would  expect  the  cracks  to 
propagate  Into  the  ground  section  eventually  as  the  number  of  fatigue  cycles  Is  Increased. 

Unidentified  Speaker:  At  what  level  of  cycles? 

Iain  Kilpatrick:  That  depends  on  lots  of  things.  However,  for  example,  In  ground  laboratory  scale  T- 
butt  weld,  fatigue  tests,  It  can  vary  from  3000  or  4000  cycles  to  as  much  as  40,000  cycles,  and 
this  1  one  of  the  difficulties  with  Initiation.  We  have  samples  going  on  for  40,000  cycles 
before  crack  Initiation,  and  that  is  because  of  the  weld  and  the  residual  stresses. 

Otto  Buck  (Rockwell  Science  Center):  Grinding  puts  some  residual  stresses  - 

Iain  Kilpatrick:  We  already  have  some  major  tensile  residual  stresses  at  T-butt  welds.  We  In  fact  have 
a  very  large  prograi  when  measuring  residual  stresses  In  these  particular  structures  and  have 
been  fairly  success:  d  In  measuring  not  only  the  local  residual  stresses  but  what  we  call  long- 
range  strain  forces,  which  are  the  driving  forces,  rather  than  the  local  residual  stresses. 
Local  residual  stresses  are  very  Important  In  the  early  stages  because  they  are  very  high  and 
cause  Initiation.  But  the  driving  stresses  are  the  stresses  due  to  building  the  actual 
structure  Itself,  and  these  long-range  restraint  forces  cause  crack  propagation.  Yes,  we 
appreciate  we  have  got  to  look  at  residual  stresses. 

Richard  Elsley  (Science  Center):  What  Is  the  nature  of  the  probe  that  you  use  for  the  alternating 
current  potential  drop  method? 

John  Cargill  (Admiralty  Marine  Technology  Establishment):  It  has  two  points  which  are  usually  made  of 
tungsten,  they  are  separated  by  about  10  millimeters  and  are  pushed  In  to  the  surface  and  the 
potential  drop  or  difference  between  the  points  Is  measured. 

Iain  Kilpatrick:  I  think  It  Is  true  to  say  we  had  a  lot  of  difficulty  with  probe  design  In  the  Initial 
stages.  Being  hand-held  was  part  of  the  reproducibility  problem.  We  did  end  up  at  one  stage 
with  a  three-legged  probe  which  was  fairly  stable  to  apply  but  In  other  circumstances  was  not 
suitable.  But  we  think  we  have  a  fairly  good  probe  design. 

John  Cargill:  Probe  design  was  the  stumbling  block  Initially.  Obviously  the  difficulty  arose  from  the 
massive  unwanted  pick-up  that  you  can  get  when  pumping  something  like  five  amps  at  eight  KHi 
Into  a  large  structure.  This  can  obviously  ue  inure  than  the  potential  drop  due  to  the  crack. 

Unidentified  Speaker:  Do  you  have  any  trouble  with  dirt? 

John  Cargill:  Not  In  that  situation.  It  can  be  brushed  off  with  the  tungsten  points.  You  can  push 

through  the  dirt.  It  Is  essential  to  keep  the  probe  points  down  to  a  minimum  length.  The  two 
points  of  the  probe  and  the  test  piece  are  parts  of  a  loop  which  can  cause  pick-up  of  unwanted 
signals  by  Inductance.  Thus  It  Is  necessary  to  keep  the  area  of  this  loop  to  a  minimum. 


t;-:st  bed  for  quantitativf  nde 


R.C.  Addison,  R.R.  Houston,  J.r.  Martin,  R.R.  Thompson 
Rockwell  International  Science  Center 
Thousand  Oaks,  California  91360 


ABSTRACT 

The  ARPA/AFML  Interdisciplinary  Program  for  Quantitative  Flaw  Peflnltlon  has  demonstrated  a  number 
of  new  techniques  for  quantitatively  sizing  flaws,  as  are  reported  elsewhere  In  those  proceedings.  This 
paper  describes  the  progress  that  has  been  made  during  the  past  year  on  a  test  bed  program  to  assemble 
and  demonstrate  these  techniques  In  a  sing'  *  Integrated  measurement  systen  that  will  extend  them  from 
the  Idealized  geometries  that  have  been  considered  thus  far  to  geometries  that  are  a  better 
approximation  to  those  that  are  found  In  real  parts.  The  basic  system  consists  of  a  Data  General 
Eclipse  S/200  Minicomputer,  a  multlaxls  microprocessor  controller,  a  Blomatlon  A/0  converter,  an 
Immersion  tank,  and  a  contour  following  system  with  six  degrees  of  freedom.  The  operation  of  the 
mechanical  system  with  regard  to  Its  accuracy  and  repeatability  will  be  described.  In  addition,  a  review 
of  the  conceptual  design  of  the  test  bed  system  and  experimental  results  for  a  number  of  different  flaw 
geometries  will  be  Included. 

The  Test  Bed  Includes  a  piezoelectric  array  transducer  and  associated  electronics.  The  array  system 
will  be  used  both  for  the  Imaging  of  flaws  and  the  gathering  of  scattering  data  to  use  In  other  flaw 
characterization  algorithms.  The  success  of  this  portion  of  the  program  depends  to  a  large  extent  on 
the  availability  of  a  suitable  array  transducer.  Some  difficulty  has  been  met  In  obtaining  such  a 
transducer  and  the  system  design  has  been  slightly  modified  as  a  result.  The  modified  system  will  be 
described  along  with  a  review  of  the  electronic  system  and  an  update  on  its  current  status. 

The  extended  data  gathering  capability  of  the  system  has  been  demonstrated  with  several  diffusion 
bonded  samples  containing  spherical  and  spheroidal  voids.  The  noise  associated  with  these  signals  Is 
chiefly  due  to  the  grain  scattering  and  varies  In  amplitude  over  a  wide  range.  The  effects  of  this 
noise  on  the  accuracy  of  the  Inverse  Born  Approximation  has  been  analyzed  and  the  results  will  he 
summarized. 

Conceptual  Design 

The  ultrasonic  test  bed  program  has  been  Ini¬ 
tiated  to  complement  the  ARPA/AFML  Interdiscipli¬ 
nary  Program  for  Quantitative  Flaw  Definition. 

Specifically,  we  are  Implementing  the  variety  of 
new  techniques  that  have  arisen  for  ootainlng 
quantitative  data  about  flaws  such  as  the  size, 
shape,  orientation  and  stress  Intensity  factor. 

These  will  be  adapted  into  procedures  for  identi¬ 
fying  flaws  In  parts  of  complex  geometry  such  as 
turbine  disks.  The  results  will  serve  a  twofold 
purpose.  First,  a  new  Inspection  capability  will 
be  demonstrated.  Second,  In  cases  where  the  prac¬ 
tical  constraints  of  the  part  geometry  degrade  the 
quality  of  some  of  the  measured  flaw  parameters, 
this  Information  can  be  fed  back  Into  the  research 
program  to  guide  that  effort. 

The  Test  Bed  program  Is  the  first  step  In 
moving  the  new  NOE  techniques  from  the  research 
laboratory  to  the  production  area.  It  Is  serving 
as  an  effective  vehicle  for  Integrating  the 
variety  of  quantitative  techniques  Into  a  single 
coherent  system.  As  the  capabilities  of  the  dif¬ 
ferent  techniques  are  explored,  it  Is  possible  to 
identify  ways  of  using  partial  results  from  each 
of  them  that  can  be  combined  In  a  synergistic  way 
to  obtain  complete  Information  about  a  flaw. 

The  protocol  that  we  had  originally  suggested 
is  shown  In  Fig.  1  by  the  solid  lines.  This  con¬ 
cept  entails  first  searching  the  part  and  storing 
the  locations  of  all  regions  that  possibly  contain 
flaws  In  the  test  bed  memory.  Each  of  these  loca¬ 
tions  Is  then  Inspected  In  detail  to  determine  the 
quantitative  parameters  of  the  flaw.  First  an 
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Fig.  1  Ultrasonic  test  bed  system  protocol. 


Image  of  the  flaw  Is  made,  and.  If  It  Is  resolved, 
the  accept/reject  criteria  Is  used  to  decide  If 
the  p.;  t  Is  acceptable.  If  It  Is  unresolved,  a 
map  can  be  made  to  determine  If  there  are  multiple 
flaws  within  a  small  area.  Next,  appropriate 
scattering  data  are  obtained  so  that  a  model  based 
reconstruction  technique  can  be  used  to  form  an 
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Image  of  the  flaw.  If  the  flaw  Is  still 
unresolved,  we  will  examine  the  spectral  content 
of  the  defect  signal  and  determine  the  approximate 
ka  value  of  the  flaw.  For  cases  where  0.5  <  ka  < 

3  we  will  use  adaptive  learning  techniques  to  ex¬ 
tract  the  flaw  parameters.  If  ka  <  0.5,  we  will 
use  long  wavelength  techniques  and  determine  the 
stress  Intensity  factor  of  the  flaw. 

In  addition  we  have  found  that  In  many  cases  a 
detailed  Inspection  technique  by  Itself  does  not 
give  full  Information  about  a  flaw  but  provides 
Information  that  can  be  used  In  the  Interpretation 
of  one  of  the  other  techniques.  Those  situations 
where  additional  Information  can  be  provided  are 
shown  by  the  dotted  lines  and  the  specifics  will 
be  given  In  the  sections  describing  work  with 
those  techniques. 

System  Description 

The  Test  Bed  comprises  a  system  that  has  been 
assembled  through  the  Interconnection  of  several 
major  subsystems  as  Is  shown  schematically  In 
Fig.  2.  The  heart  of  the  system  Is  a  minicomputer 
that  Is  used  in  a  multitasking  mode.  This  unit  Is 
used  as  the  central  processing  unit  (CPU)  for  the 
system  and  controls  the  microprocessor  based  mani¬ 
pulator  control  subsystem,  the  high  speed  A/0 
converter  used  for  digitizing  r.f.  waveforms,  and 
the  color  graphics  display  system.  In  addition 
there  are  user  terminals  which  allow  the  operator 
to  send  commands  to  the  CPU  and  there  Is  a  stan¬ 
dard  disk  storage  system.  The  CPU  controls  the 
microprocessor  by  sending  it  a  series  of  ASCII 
characters  called  a  data  block  that  specifies  how 
far  and  how  fast  the  transducer  Is  to  be  scanned 
along  each  axis.  The  mlcropfocesor  then  Inter¬ 
prets  this  data  block  and  calculates  the  distance 
to  be  moved  along  each  axis,  converts  this  into 
stepping  motor  pulses  for  the  axes  Involved  and 
sends  out  the  pulses  to  each  axis,  appropriately 
interleaved  to  provide  maxlmun  accuracy  In  follow¬ 
ing  the  contour  of  the  move.  The  microprocessor 
also  can  send  response  characters  to  the  CPU  re¬ 
garding  Its  position,  status,  etc. 
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Fig.  2  A  computer's  eye  view  of  the  testbed 
hardware. 


The  CPU  also  controls  the  display  processor 
using  commands  that  have  been  created  by  that 
unit's  manufacturer.  The  unit  basically  accepts 
command  and  data  strings  and  translates  these  Into 


arrangements  of  colored  pixels  within  the  512  x 
512  format  of  the  RGB  video  monitor.  The  unit  can 
change  the  corespondence  beween  t.he  amplitude  of 
the  signal  and  the  color  of  the  pixel,  can  display 
alphanumerical  characters,  can  display  vectors 
between  two  points,  plus  other  functions  that  are 
useful  in  displaying  graphic  data.1 

To  operate  these  subsystems  a  body  of  software 
has  been  written  that  Includes  four  different 
categories  of  programs,  all  of  which  operate 
interactively  with  the  user.  These  categories  are 
listed  below: 

1)  Programs  for  generating  disk  files  of 
data  blocks  which  may  be  Interpreted  by 
the  microprocessor; 

2)  Multitasking  control  programs  for  manag¬ 
ing  the  manipulator,  data  acquisition, 
and  storage  on  disk; 

3)  Programs  fur  displaying  the  data  In  color 
or  black  and  white  via  the  display 
processor,  and 

4)  _I_SP ,  a  signal  processing  and  display 
program  of  enormous  flexibility. 

In  category  1)  there  are  two  kinds  of  programs 
for  generating  disk  files  of  data  blocks.  One 
kind  generates  a  file  corresponding  to  a  raster 
pattern  In  X  8  Y  which  Is  useful  for  scanning  the 
transducer  over  flat  parts.  The  second  generates 
a  file  of  data  blocks  corresponding  to  a  profile 
of  a  complex  part  shape  with  rotational  symmetry 
which  Is  useful  for  scanning  over  turbine  disks. 

In  category  2)  there  Is  the  multitasking  program 
which  manages  the  manipulator,  data  acquisition, 
and  storage  on  disk.  It  maintains  four  tasks: 

.  Task  1  communicates  with  the  operator  via  the 
user  terminal. 

.  Task  2  arms  the  A/D  converter,  waits  for  a 
trigger,  collects  the  digitized  waveform  and 
processes  It  in  the  designated  manner. 

.  Task  3  reads  and  Interprets  response  charac¬ 
ters  from  the  microprocessor. 

.  Task  4  stores  pertinent  data  from  Task  2  on 
disk  for  later  access  by  display  programs. 

A  more  detailed  description  of  these  tasks  has 
been  given  In  Reference  2.  In  category  3)  there 
are  programs  to  exercise  the  display  processor. 
These  permit  the  display  of  both  B-scan  and  C-scan 
data  using  either  a  black  and  white,  gray  scale  or 
one  of  several  types  of  false  color  schemes  to 
cock,  the  data.  Finally,  in  category  4)  there  is 
ISP  which  Is  used  for  implementing  the  various 
inversion  algorithms.  ISP  is  a  large  multitasking 
program  which  runs  on  the minicomputer  under  the 
control  of  an  external  terminal.  It  has  been  de¬ 
veloped  at  the  Science  Center  by  Richard  Elsley 
and  permits  a  number  of  signal  processing  proce¬ 
dures  including 

1)  Waveform  acquisition 

2)  Waveform  transformation  Including: 
addition,  subtraction,  Fourier 
transforming,  tlmeshlftlng,  etc. 
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3)  Feature  extraction 

4)  Display  of  data. 


IMAGING  MODE 


Because  of  the  flexibility  of  ISP  these  operations 
can  be  applied  In  any  order  necessary  for  data 
analysis. 

Ultrasonic  Array 

One  of  the  objectives  of  the  Test  Bed  program 
Is  to  utilize  an  ultrasonic  array  for  Imaging  and 
scattering  measurements.  The  electronics  for 
driving  this  array  will  have  a  somewhat  different 
objective  than  some  of  the  array  based  systems 
that  are  currently  available.  Our  chief  purpose 
will  be  to  obtain  a  waveform  that  has  as  little 
distortion  as  possible,  whereas  for  many  systems 
the  objective  Is  to  obtain  an  Image  In  as  little 
time  as  possible.  In  systems  of  the  latter  type 
one  depends  on  the  Image  enhancement  ability  of 
the  eye/brain  system  to  filter  out  the  effects  of 
the  distortion  that  results.  In  the  system  that 
Is  being  designed  and  built  for  the  Test  Bed,  we 
would  like  to  be  able  to  display  a  single  frame  of 
an  Image  and  be  able  to  recognize  the  Important 
details  of  the  object  under  study.  In  addition 
the  system  will  be  required  to  collect  scattering 
data  that  can  be  used  with  the  various  Inversion 
techniques. 

The  original  system  was  based  on  a  single  240 
element  array  but  problems  were  encountered  in  ob¬ 
taining  an  array  containing  this  many  elements  and 
possessing  the  requisite  performance  character¬ 
istics  with  regard  to  both  uniformity  of  response 
from  element  to  element  and  bandwidth.  In  lieu  of 
a  single  array,  the  feasibility  of  the  concept 
will  be  demonstrated  using  two  32  element  arrays 
with  a  variable  spacing  between  them.  The  system 
will  still  operate  In  both  an  Imaging  mode  and  a 
scattering  mode.  The  desired  specifications  of 
the  array  have  been  previously  described2*3  In 
some  detail.  The  electronics  driving  the  array 
will  be  capable  of  selecting  sixteen  transmitting 
and  receiving  elements  Independently.  The  diagram 
In  Fig.  3  shows  how  the  system  will  work  In  the 
reflection  mode  when  It  Is  used  for  Imaging.  The 
beam  emanating  from  the  array  Is  scanned  and 
Steered  so  that  it  will  follow  a  profile.  With 
only  a  32  element  array  this  capability  will  be 
quite  limited,  although  sector  scans,  correction 
for  wavefront  distortion  at  curved  water/metal 
Interfaces,  compound  scanning  and  Imaging  using 
the  pitch-catch  mode  will  be  possible.  The  second 
mode,  used  for  obtaining  scattering  data.  Is  Il¬ 
lustrated  In  Fig.  4.  In  this  case,  the  separation 
of  the  two  arrays  can  be  varied  by  mechanical 
means  from  a  mlnlmun  separation  where  the  outer 
cases  of  the  two  arrays  are  in  contact  to  a  maxi- 
mun  separation  where  the  outermost  elements  of  the 
two  arrays  are  six  inches  apart. 

The  block  diagram  of  the  array  electronics 
with  the  major  subsystems  labeled  is  shown  In 
Fig.  5.  The  basic  system  operation  has  been  pre¬ 
viously  described. 3  Recent  activity  has  been 
directed  towards  the  detailed  design  of  the  sub¬ 
systems  between  the  array  and  the  Interface  with 
the  exception  of  the  A/0  converter  and  the  fast 
buffer  memory  which  have  been  completed  and  were 
described  In  Ref.  3.  The  first  Item  of  concern  Is 
the  hybrid  pulser/recelver.  The  need  to  apply 
high  voltages  to  the  array  elements  when  transmit 
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Fig.  3  Two  linear  arrays  used  for  contour  follow¬ 
ing  In  the  Imaging  mode. 
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Fig.  4  Two  linear  arrays  used  In  a  pitch-catch 
mode  for  obtaining  scattering  data. 
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ting  and  the  need  for  the  low  noise  amplification 
prior  to  sending  the  received  signals  Into  the 
multiplexer  dictate  that  the  pulser/recelver  be 
between  the  array  and  the  multiplexer.  This 
requirement  obliges  us  to  package  the  pulser/ 
receiver  In  as  compact  a  form  as  possible  to  mini¬ 
mize  the  length  of  connecting  cables. 

The  pulser  circuit  Is  shown  In  Fig.  6a.  The 
switching  element  is  a  SCR  which  provides  repeat- 
able  results  and  operates  reliably  over  a  wide 
range  of  applied  DC  voltages  providing  a  mechanism 
for  varying  the  output  amplitude  of  the  transmit 
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Fig,  6  Hybrid  pulser/recelver  circuitry. 


ULTRASONIC  ECHOES 
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HYBRID  PULSER /RECEIVER  COMMERCIAL  PULSER/ RECEIVER 


Fig.  7  Comparison  of  transducer  response  to  ex¬ 
citation  by  hybrid  pulser/recelver  and 
commercial  pulser/recelver. 


ted  pulse  by  3U  dH.  The  unit  operates  at  DC  volt¬ 
ages  of  10V  to  300V  with  a  repetition  rate  of 
1  kHz.  The  pulser  has  been  used  to  excite  a 
2.25  MHz  commercial  transducer  and  the  echo  re¬ 
turned  from  a  block  of  aluminum  has  been  compared 
with  that  obtained  from  a  commercial  pulser  using 
the  same  transducer.  The  results  are  shown  In 
Fig.  7  where  it  is  readily  seen  that  the  transient 
response  of  the  transducer  Is  essentially  the  same 
In  both  cases. 

The  receiver  circuit  shown  In  Fig.  6b  Is  a  two 
transistor  amplifier  with  a  gain  of  20,  a  3  dB 
bandpass  from  0.7  MHz  to  30  MHz  and  a  total  power 
dissipation  of  only  70  milliwatts.  Transistor  Q^ 
is  used  to  switch  the  receiver  on  when  It  Is  one 
of  the  16  addressed  receivers.  It  Is  expected 
that  this  will  help  to  reduce  the  crosstalk  from 
receivers  that  are  not  addressed. 

We  have  concluded  that  the  optimum  way  to 
minimize  the  size  of  the  hybrid  package  Is  to  put 
two  pulser/recelver  units  In  a  single  package 
having  dimensions  ot  20  mm  x  35  mm  x  6  mm.  Some 
engineering  evaluation  units  will  be  available 
during  the  third  quarter  of  this  year.. 

The  multiplexer  design  which  was  described 
previously2  ,3  consists  of  three  240:16  multi¬ 
plexers,  two  of  which  are  digital  units  and  one 
which  Is  an  analog  unit.  The  entire  multiplexer 
unit  has  been  essentially  completed  although  It 
has  not  been  tested  as  a  functioning  module.  The 
sub  units  of  the  multiplexer  have  been  tested  for 


cross  talk  and  have  performed  satisfactorily.  The 
module  will  be  tested  after  the  hybrids  are 
available. 

The  purpose  of  the  signal  conditioning 
circuitry  Is  to  prepare  the  signals  for  the  A/D 
converter.  The  circuitry  Is  composed  of  the  main 
amplifier  with  a  gain  of  20,  a  digitally  con¬ 
trolled  attenuator  with  a  range  of  45  dB  In  3  dB 
steps,  a  clipping  circuit  to  prevent  overdriving 
the  A/0,  a  filter  to  control  the  noise  bandwidth 
and  suppress  feedthrough  from  the  clocking 
circuits,  a  dc  level  shifter  and  a  low  Impedance 
buffer  amplifier  to  drive  the  A/D.  All  sixteen 
circuits  required  for  the  receiving  channels  have 
been  fabricated  and  tested. 


Data  Acquisition  Techniques  and  Problems 


The  basic  goal  of  the  ultrasonic  Test  Bed  pro¬ 
gram,  as  stated  previously.  Is  to  Implement  the 
variety  of  Inversion  techniques  that  have  been 
developed  In  the  Interdisciplinary  Program  for 
Quantitative  Flaw  Definition.  To  achieve  this 
goal  and  produce  meaningful  results,  the  suscept- 
ablllty  of  each  of  the  techniques  to  errors  that 
are  likely  to  be  encountered  in  practical  appli¬ 
cations  must  be  fully  explored.  Errors  In  the 
calculation  of  the  size,  shape,  or  orientation  of 
a  flaw  can  arise  from  a  variety  of  different 
sources.  The  major  sources  of  error  that  are 
known  are  listed  below: 


1)  Model  errors  or  Inherent  errors  associ¬ 
ated  with  the  Inversion  technique; 

2)  Contamination  of  the  signal  with  stochas¬ 
tic  noise,  either  thermally  generated  or 
arising  from  grain  scattering; 

3)  Contamination  of  the  signal  with  coherent 
noise  such  as  the  low  amplitude  vestiges 
of  an  echo  from  a  strong  reflector  (l.e. , 
the  front  surfee  of  a  part)  or  overlap¬ 
ping  of  the  low  amplitude  tail  of  a  flaw 
signal  and  a  strong  echo  from  a  reflector 
beyond  the  flaw  (l.e.,  the  back  surface 
of  a  part); 

4)  Band  limiting  of  the  flaw  signal  caused 
by  practical  restrictions  on  the  band¬ 
width  of  real  ultrasonic  transducers; 

5)  Distortion  or  deviation  of  the  ultrasonic 
wavefront  Incident  on  the  flaw  from  the 
plane  wavefront  assumed  In  the  Inversion 
technique; 

6)  Distortion  or  deviation  of  the  ultrasonic 
wavefront  prouuclng  the  echo  used  In  com¬ 
puting  the  deconvolved  signal  from  the 
ultrasonic  wavefront  actually  Incident  on 
the  flaw;  and 

7)  Inadequate  spatial  window  for  obtaining 
data  from  a  flaw  leading  to  errors  In  the 
shape  or  orientation. 

The  model  errors  are  determined  by  using  theoreti¬ 
cal  scattering  data  calculated  for  a  particular 
flaw  as  Input  for  the  particular  Inversion  tech¬ 
nique  being  Investigated.  The  model  selected 
should  not  be  equivalent  to  the  one  from  which  the 
(oftun  approximate)  Inversion  technique  has  been 


derived.  Instead,  It  should  represent  a  more 
accurate  solution,  such  as  Is  obtainable  for 
simple  flaw  shapes.  The  resulting  estimate  of  the 
flaw  radius  will  provide  a  measure  of  the  accuracy 
of  the  model.  The  Investigators  who  have 
developed  each  of  the  flaw  techniques  have  also 
considered  the  validity  of  the  technique  using 
this  sort  uf  procedure.  It  has  been  repeated  In 
this  program  to  confirm  that  the  technique  has 
been  programmed  correctly  The  next  source  of 
error  to  be  considered  Is  that  associated  with  the 
contamination  of  the  signal  with  stochastic  noise. 
Since  the  data  taken  with  the  Test  Bed  system  Is 
all  digitized  and  many  signals  can  be  averaged 
together,  the  thermally  generated  noise  can  be 
reduced  to  a  negligible  level  and  Is  of  no  con¬ 
cern.  The  dominant  source  of  stochastic  noise  Is 
due  to  grain  scattering.  The  errors  caused  by 
this  noise  source  have  been  Investigated  for  the 
Born  Inversion  technique.  The  procedure  used  to 
calculate  these  error  bars  Is  fully  described  in 
the  paper  entitled  "Dependence  of  the  Accuracy  of 
the  Born  Inversion  Upon  Noise  and  Bandwidth"  by 
Elsley  and  Addison.4  The  paper  contains  a  quanti¬ 
tative  treatment  of  the  decrease  In  accuracy  of 
the  Born  Inversion  technique  as  the  signal  to 
noise  ratio  decreases.  The  noise  Is  assumed  to 
arise  from  grain  scattering  with  an  amplitude  that 
Increases  as  the  square  of  the  frequency.  The  es¬ 
sential  finding  of  the  paper  was  that  the  Born  In¬ 
version  technique  was  very  robust  as  far  as  errors 
from  noise  were  concerned.  Figure  8  shows  the 
variation  of  the  accuracy  with  S/N  ratio  for  a  400 
urn  diameter  spherical  void.  The  S/N  ratio  Is  the 
ratio  of  the  total  power  In  the  signal  plus  noise 
to  the  total  power  In  the  noise  In  a  bandwidth 
from  0  to  10  MHz.  Since  the  noise  is  non-white  It 
Is  possible  to  consider  signals  In  the  time  domain 
that  have  an  S/N  of  less  than  0  dB.  The  error 
bars  denote  the  95%  confidence  limits. 
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Fig.  8  Born  Inversion  accuracy  vs  S/N  ratio, 
400  um  diameter  spherical  void. 


The  errors  resulting  from  the  contamination  of 
signals  with  coherent  noise  are  more  difficult  to 
analyze  in  a  quantitative  manner  since  the  effect 


of  the  noise  signals  vary  significantly  as  the 
degree  of  overlap  with  the  desired  signal  and  the 
amplitude  and  the  phase  relationship  of  the  two 
signals  change.  A  technique  for  minimizing  the 
effects  of  these  noise  signals  when  they  arise 
from  planar  -interfaces  is  to  acquire  two  signals, 
one  containing  the  desired  signal  plus  the  con¬ 
taminating  signal  and  the  other  containing  only 
the  contaminating  signal;  these  two  signals  are 
properly  aligned  temporally  and  then  subtracted.5 
In  many  practical  situations  where  the  degree  of 
overlap  of  the  signals  Is  not  too  great,  this 
technique  produces  excellent  results. 

The  bandllmlting  of  the  flaw  signal  by  the 
ultrasonic  transducer  can  produce  significant 
variations  in  the  estimated  radius  of  the  flaw. 

To  understand  how  the  center  frequency  and  band¬ 
pass  affect  the  analysis  It  Is  essential  to  under¬ 
stand  the  characteristics  of  the  magnitude  spec¬ 
trum  produced  when  an  elastic  wave  scatters  from 
an  ellipsoidal  flaw.  Although  the  details  of  the 
spectrum  will  change  as  the  material  properties  of 
the  host  material  and  the  flaw  are  varied,  certain 
major  features  will  remain  essentially  unchanged. 
As  an  example,  the  magnitude  spectrum  for  a  spher¬ 
ical  void  Is  shown  In  Fig.  9.  There  are  three 
features  of  this  curve  that  will  remain  the  same 
for  all  ellipsoidal  scatterers.  In  the  low  ka 
region  the  amplitude  of  the  scattering  always 
Increases  In  proportion  to  the  square  of  the 
frequency;  the  first  peak  In  the  curve  always 
occurs  at  approximately  ka  *  1;  and  finally  this 
peak  Is  always  followed  by  many  other  peaks  that 
are  not  In  general  equally  spaced  nor  do  their 
amplitudes  have  any  particular  relationship. 
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Fig.  9  Magnitude  of  theoretical  scattering  spec¬ 
trum  for  a  spherical  void. 


The  Inversion  techniques  employed  for  sizing 
flaws  use  selected  portions  of  the  complex 
scattering  spectrum.  The  long  wavelength  tech¬ 
nique  utilizes  the  portion  of  the  spectrum  where 
the  magnitude  Is  increasing  parabol Ically,  while 
the  Inverse  Born  technique  Is  sensitive  to  the  lo¬ 
cation  of  the  first  peak  of  the  spectrum.  The 
adaptive  learning  networks  use  a  number  of  fea- 
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tures  of  the  scattered  waveforms,  but  for  the  siz¬ 
ing  of  flaws,  seem  to  depend  on  the  output  of  the 
Inverse  Born  technique.  When  these  Inversion 
technl  jes  are  used,  the  bandwidth  of  the  trans¬ 
ducer  must  encompass  the  portion  of  the  scattering 
spectrum  that  is  essential  to  Its  Implementation. 
Therefore,  the  bandwidth  of  the  transducer  for  a 
long  wavelength  measurement  should  extend  to  a  low 
frequency  corresponding  to  ka  »  0. 5  for  the 
specific  flaw  and  In  the  case  of  the  Inverse  Born 
technique  the  transducer  bandwidth  should  encom¬ 
pass  the  ka  range  that  Includes  the  first  peak  of 
the  scattering  spectrun.  In  the  case  of  a 
spherical  flaw  whose  size  Is  known  a  priori ,  this 
requirement  Imposes  a  modest  burden  on  the 
transducer.  When  the  size  of  the  flaw  Is  r.ot 
approximately  known  or  the  flaw  has  an  ellipsoidal 
shape  with  a  factor  of  tyro  or  more  difference  In 
the  sizes  of  the  major  and  minor  axes,  the 
bandwidth  requirements  on  the  transducer  are  very 
severe. 

The  effects  of  bandwidth  on  the  accuracy  of 
the  Inverse  Born  Technique  have  been  analyzed  In 
Ref.  4.  The  findings  Indicate  that  If  the  band¬ 
pass  of  the  transducer  is  below  the  first  peak  of 
the  spectrum,  there  will  be  an  overestimate  of  the 
flaw  size.  If  the  bandpass  of  the  transducer  Is 
above  the  first  peak,  the  analysis  will  treat  the 
second  peak  (or  whichever  peak  Is  within  the  band¬ 
pass)  as  If  It  were  the  first  peak  and  will  esti¬ 
mate  the  radius  accordingly  resulting  In  a  serious 
underestimate  of  the  flaw  size.  The  first  type  of 
error  Involving  Insufficient  high  frequency  data 
can  be  detected  by  knowing  the  center  frequency  of 
the  transducer  and  the  predicted  flaw  size.  The 
second  type  of  error  can  be  detected  by  resolving 
a  large  flaw  using  an  Imaging  technique  or  through 
an  analysis  of  the  scattering  spectrum  using  mul¬ 
tiple  transducers  having  different  bandpasses  to 
determine  the  location  of  the  first  spectral  peak. 

There  has  also  been  an  effort  to  Increase  the 
bandwidth  by  splicing  together  the  deconvolved  re¬ 
sponses  obtained  with  two  different  transducers. 
The  results  of  this  are  described  In  Ref.  4. 

When  the  bandpass  of  the  transducer  does  en¬ 
compass  the  first  spectral  peak,  errors  can  still 
occur  due  to  Insufficient  bandwidth.  The  nature 
of  these  errors  can  be  seen  In  Fig.  10  where  the 
estimated  radius  of  a  flaw  Is  plotted  vs  the  true 
radius  for  transducers  having  different  bar.d- 
wldths.  The  range  of  validity  extends  from  1  on 
the  abscissa  to  the  peak  of  the  curve  of  Interest. 
Note  that  the  resulting  error  Is  an  underestimate 
but  can  be  corrected  by  using  the  curves  for  cali¬ 
bration  of  the  measurement  technique. 

There  are  two  ways  In  which  disto'  tions  of  the 
wavefronts  emanating  from  the  transducer  can  lead 
to  errors  In  the  estimated  flaw  size.  First,  the 
Inversion  technique  assures  that  a  plane  wavefront 
Is  Incident  on  the  flaw,  however,  under  the  best 
of  circumstances  this  Is  only  an  approximation. 

If  the  wave  has  passed  through  a  curved  metal/ 
water  Interface,  the  wavefront  Is  likely  to  be 
spherical  or  cylindrical.  The  second  source  of 
error  arises  through  the  deconvolution  process. 
Recall  that  prior  to  using  the  Inversion  technique 
the  raw  data  obtained  from  the  flaw  Is  deconvolved 
to  remove  the  effects  of  the  transducer.  The 
deconvolution  requires  a  reference  signal  that  Is 
characteristic  of  the  transducer  and  In  principal 
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Fig.  10  Estimated  flaw  size  vs  true  flaw  size  for 
several  transducer  bandwldths. 


will  only  vrork  If  the  waveform  of  the  reference 
signal  Is  identical  to  the  waveform  Incident  on 
the  flaw.  In  practice  this  Is  difficult  to 
achieve  because  the  plane  reflector  used  to  obtain 
the  reference  waveform  Is  generally  at  a  different 
distance  from  the  front  surface  of  the  part  than 
the  flaw  and  hence  has  experienced  different 
amounts  of  diffraction,  scattering  losses  and  ab- 
sorbtion.  If  the  metal/water  Interface  Is  curved, 
there  Is  also  additional  focusing  of  the  beam. 

The  errors  caused  by  these  wavefront  distor¬ 
tions  can  be  calculated  for  a  specific  case  but 
for  our  current  purposes  this  type  of  calculation 
did  not  seem  essential  to  the  primary  goal  of 
determining  how  the  inversion  techniques  work  In 
practical  situations.  In  lieu  of  a  theoretical 
calculation,  an  empirical  approach  has  been  used 
to  evaluate  errors  that  are  encountered  with  some 
common  geometries.  The  reference  waveform  Is 
typically  the  signal  obtained  from  the  normal 
Incidence  and  reflection  of  a  wave  off  of  a  plane 
water/metal  Interface,  This  Interface  Is  usually 
the  back  face  of  the  specimen  being  examined  and 
In  the  cases  that  have  been  tried  Is  about  10  to 
20  wavelengths  further  along  the  path  of  propaga¬ 
tion  than  the  flaw.  In  a  few  cases  a  backface 
echo  from  a  separate  specimen  made  of  the  same 
material  has  been  used  as  a  reference.  The  signal 
waveform  from  the  flaw  has  been  obtained  both  from 
waves  that  are  Incident  normally  on  the  front 
surface  of  the  specimen  and  from  waves  that  are 
incident  at  various  angles  with  the  maximum  angle 
corresponding  to  an  Internal  refraction  angle  of 
60°.  In  all  cases  the  deconvolution  has  been  com¬ 
puted  using  the  backface  echo  obtained  from  the 
normally  incident  wave.  When  flaws  having  known 
sizes  are  examined  and  the  data  Is  analysed  using 
the  Inverse  Born  technique,  there  Is  no  evidence 
that  there  are  any  errors  being  generated  via  the 
deconvolution  that  could  be  attributed  to  wave- 
front  distortion. 

The  errors  that  result  from  an  inadequate  spa¬ 
tial  window  can  be  considered  from  two  points  of 
view.  Some  Inversion  techniques  such  as  the  ALN,6 
and  POFFIS,7  require  data  to  be  taken  via  an  array 
of  transducers  and  then  combined  using  a  suitable 
algorithm  to  produce  estimates  of  the  flaw  size, 
shape,  and  orientation.  When  the  number  of  ele¬ 
ments  In  this  array  Is  reduced  or  the  spacing  Is 
allowed  to  become  Irregular,  the  accuracy  of  the 
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estimates  Is  decreased.  These  effects  are  prob¬ 
ably  significant  although  a  careful  analysis  has 
not  yet  been  made  of  results  obtained  with  either 
of  these  algorithms.  The  second  point  of  view 
relates  to  the  Inverse  Horn  technique  which  re¬ 
quires  no  fixed  array  of  transducers.  For  each 
measurement  direction,  an  Independent  measurement 
of  the  diameter  of  the  flaw  along  that  direction 
Is  obtained.  If  there  are  only  a  few  directions 
available.  It  Is  only  possible  to  acquire  a  few 
measures  of  the  flaw  diameter  but  each  of  these 
measures  will  have  the  same  accuracy.  This  situ¬ 
ation  where  a  better  estimate  of  the  flaw  size, 
shape,  and  orientation  is  obtained  with  each  addi¬ 
tional  measurement  seems  to  be  preferable  to  the 
situation  where  a  mlnlmun  of  a  half  dozen  or  more 
measurements  must  be  made  to  obtain  any  estimate 
at  all  and  even  then  the  accuracy  Is  degraded. 

Analysis  of  a  Flaw 

Although  the  entire  array  of  quantitative 
Inversion  techniques  are  not  operational  on  our 
system  at  this  time,  a  sufficient  number  of  them 
are  available  to  provide  an  accurate  demonstration 
of  how  the  system  will  operate.  The  sample  or 
part  Is  first  scanned  In  a  search  or  mapping  mode 
which  provides  the  locations  of  tentative  flaw 
sites.  The  results  of  such  a  scan  are  shown  In 
Fig.  11.  Now  each  of  the  flaw  indications  Is 
analyzed  in  detail  to  determine  Its  size,  shape 
and  orientation.  The  first  step  Is  to  provide  a 
high  resolution  image  of  the  region  surrounding 
the  flaw  such  as  that  shown  In  Fig.  12,  In  this 
particular  case  the  flaw  is  too  small  to  be 
resolved  although  the  Image  has  eliminated  the 
possibility  that  there  are  multiple  flaws  or 
porosity  present.  This  allows  the  analysis  to 
continue  using  a  model  based  reconstruction  tech¬ 
nique,  the  Inverse  Born  technique.  Using  this 
technique  data  Is  obtained  from  several  different 
angles.  Each  angle  provides  an  estimate  of  the 
radius  of  the  flaw  in  that  direction.  In  this 
case  the  flaw  was  below  a  flat  surface  and  It  was 
possible  to  Interrogate  It  from  19  different 
angles.  The  resulting  radius  estimates  are 
plotted  In  Fig.  13  and  compared  to  the  known  size 
of  the  flaw  which  was  a  1200  um  diameter  spherical 
void.  Note  that  all  but  one  of  the  data  points 
fall  very  close  to  a  radius  of  600  um  and  It  Is 
clear  that  the  object  being  examined  has  a  spheri¬ 
cal  shape.  The  flaw  has  now  been  thoroughly 
analyzed  and  It  Is  not  necessary  to  make  any  long 
wavelength  measurements  although  this  could  also 
be  done. 

Another  flaw  type  of  Interest  Is  a  surface 
breaking  fatigue  crack.  It  Is  of  Interest  to  be 
able  to  measure  the  depth  of  such  a  crack  In  a 
quantitative  non  destructive  fashion.  Current 
methods  of  sizing  such  cracks  In  the  field  only 
measure  the  length  of  the  crack  at  the  surface. 

The  depth  Is  Inferred  by  assuming  that  the  crack 
has  a  length  to  depth  ratio  of  0.5;  an  assumption 
that  Is  not  strictly  valid  except  for  particular 
loading  conditions.  The  aspect  ratio  can  also  be 
strongly  affected  by  the  location  of  the  initia¬ 
tion  site  In  the  stress  field  as  well  as  the  ma¬ 
terial  type.  An  experiment  was  performed  In  which 
a  fatigue  crack  was  cyclically  stressed  until 
failure  of  the  part  occurred.  At  regular  Inter¬ 
vals  during  the  fatigue  life,  the  depth  of  the 
crack  was  measured  using  an  ultrasonic  technique. 
This  Information  along  with  the  material  param 


Fig.  11  Focused  C-scan  of  titanium  specimen. 
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Fig.  12  Focused  C-scan  of  1200  um  flaw. 


eters  of  the  sample  were  used  to  predict  the 
nunber  of  cycles  remaining  after  each  Inspection 
before  the  crack  reached  the  critical  depth  lead¬ 
ing  to  failure. 

The  sample  was  prepared  from  2024  aluminum 
plate  which  was  fabricated  as  a  "dogbone"  sample 
suitable  for  cyclic  fatigue  testing.  Initially  an 
EDM  starter  notch  was  placed  In  the  sample,  which 
was  then  fatigued  until  a  fatigue  crack  had  been 
Initiated.  The  EDM  notch  was  then  machined  away 
leaving  only  the  fatigue  crack  with  a  length  of 
0.160“  and  an  estimated  depth  of  0.045“.  The 
thickness  of  the  sample  was  approximately  1/2" 
after  removal  of  the  EDM  notch.  The  crack  was 
sized  using  an  ultrasonic  technique  known  as  the 
satellite  pulse  technique.®  This  technique  Is 
Illustrated  in  Fig.  14.  The  ultrasonic  beam  prop¬ 
agates  through  the  water,  refracts  at  the  surface 
of  the  aluminum  plate  and  Is  Incident  on  the  crack 
tip.  There  Is  a  strong  corner  reflection  from  the 
base  of  the  crack  preceeded  by  a  signal  that  Is 
diffracted  from  the  top  of  the  crack.  The  depth 
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Fig.  13  Born  inversion  analysis  of  1200pm  diameter  sphere. 


Fig.  14  Schematic  of  sample  geometry  and 
transducer. 


of  the  crack  can  be  determined  from  the  time 
difference  between  these  two  signals. 

The  sample  was  subjected  to  cyclic  fatigue 
stress  by  mounting  it  In  an  MTS  machine  and  sinu¬ 
soidally  varying  the  stress  from  2000  psi  to 
27,500  psi.  During  this  process  the  length  of  the 
crack  was  monitored  optically  and  each  time  that 
the  length  of  the  crack  had  Increased  by  about 
.050"  the  sample  was  removed  from  the  MTS  machine 
and  an  ultrasonic  measurement  of  the  depth  of  the 
crack  was  made.  After  each  measurement,  the  crack 
depth  and  the  material  parameters  of  the  sample 
were  used  to  predict  the  number  of  fatigue  cycles 
remaking  before  the  crack  would  reach  Its  criti¬ 


cal  depth.  After  the  sample  had  been  stressed  to 
failure,  these  predictions  were  compared  to  the 
actual  number  of  fatigue  cycles  that  were  neces¬ 
sary  to  fall  the  sample.  The  fractional  differ¬ 
ence  In  the  two  values  is  plotted  vs  the  number  of 
remaining  fatigue  cycles  In  Fig.  15.  The  plotted 
point  used  the  measured  da/dN  value  for  this  sam¬ 
ple  for  calculating  the  number  of  remaining  fa¬ 
tigue  sanples.  The  error  bars  were  calculated 
from  the  spread  that  is  to  be  expected  In  the 
da/dN  vs  a K  data  for  this  material.  With  the  ex¬ 
ception  of  the  first  observation,  all  of  the  error 
bars  span  the  zero  error  point.  The  first  obser¬ 
vation  does  not  span  this  point  because  the  mea¬ 
sured  da/dN  value  does  not  lie  within  the  envelope 
that  is  assumed  to  contain  the  spread  In  the  da/dN 
values.  This  Is  attributed  to  a  lack  of  measure¬ 
ments  on  the  particular  melt  of  aluminum  used  for 
fabricating  the  test  samples.  These  results  are 
considered  to  be  satisfactory  and  within  the  ex¬ 
pected  bounds  of  uncertainty.  They  demonstrate 
that  the  number  of  cycTes  to  failure  can  be  pre¬ 
dicted  with  sufficient  accuracy  using  quantitative 
ultrasonic  techniques  for  sizing  the  flaw. 

Conclusions 

The  Test  Bed  is  proving  to  be  a  useful  system 
for  testing  the  various  inversion  techniques  that 
are  available.  Because  a  variety  of  techniques 
are  readily  accessible  it  has  proven  possible  to 
use  pieces  of  Information  obtained  from  several 
techniques  to  obtain  a  more  accurate  estimate  of 
the  size,  shape  and  orientation  of  a  flaw.  The 
system  Is  also  serving  as  an  effective  means  for 
uncovering  aspects  of  the  Inversion  techniques 
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Fig.  15  Fractional  error  in  calculated  number  of 
remaining  fatigue  cycles  vs  observed  num¬ 
ber  of  remaining  fatigue  cycles. 

that  need  further  work  or  that  are  Impractical. 

The  work  on  the  array  system  represents  a  new 
development  In  that  the  received  data  from  each 
array  element  can  be  processed  in  a  very  flexible 
way  using  the  array  processor.  This  sytem  prom¬ 
ises  to  provide  a  unique  capability  for  investi¬ 
gating  the  utility  of  electronically  scanned  ar¬ 
rays  for  contour  following  applications  as  well  as 
for  applications  requiring  the  processing  of 
scattering  data. 
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ABSTRACT 

A  system  developed  by  the  NDE  Group  of  the  Los  Alamor  Scientific  Laboratory  for  the  automated 
scanning  of  objects  with  an  axis  of  rotation  is  described.  This  system  is  still  being  expanded  to  allow 
greater  versatility  in  the  motions.  Data  which  was  collected  using  the  system  and  some  typical  test 
objects  are  also  presented  and  discussed. 


INTRODUCTION 

In  order  to  provide  adequate  ultrasonic 
inspection  of  parts  used  or  fabricated  within  the 
Los  Alamos  Scientific  Laboratory(LASL),  it  became 
apparent  that  a  specialized  scanning  system  was 
necessary  to  position  the  transducer  relative  to 
the  parts  and  move  the  parts.  Many  of  the  typical 
parts  which  are  inspected  have  spherical  geometry- 
Two  half  shells  are  usually  brazed  or  welded 
together  to  form  the  sphere.  A  scanner  was 
designed  and  fabricated  which  could  scan  the 
surface  of  a  spherical  object  of  virtually  any  size 
to  a  maximum  diameter  of  225  nm.  This  scanner  is 
shown  in  fig.  1.  The  size  variation  was  partially 
accommodated  through  the  use  of  pedestals  of 
different  heights.  Initially  the  scanner  was 
continuously  driven  and  the  results  were  plotted 
using  a  slaved  X-Y  recorder.  The  X-  and 
Y-positions  were  generated  using  a  sin-cos 
potentiometer.  This  caused  the  recorder  to  draw  a 
circle  as  the  turntable  moved.  The  radius  of  this 
circle  was  controlled  by  a  potentiometer  which  was 
coupled  to  the  worm  gear  shaft  which  positions  the 
swing  arm.  The  diameter  of  the  circle  is  therefore 
a  function  of  the  position  of  the  transducer 
relative  to  the  equator  of  the  sphere.  A 
relatively  simple  two  angle  manipulator,  which  we 
had  designed  and  used  previously  in  manual 
scanners,  was  mounted  on  the  swing  arm  to  permit 
aiming  of  the  transducer.  The  qo/nogo  output  of 
the  flaw  gate  of  the  ultrasonic  instrument 
controlled  the  pen  lift  mechanism  of  the  recorder. 

This  scanner  worked  well.  With  the 
availability  of  microcomputer  hardware  and 
software,  the  equipment  was  upgraded  to  allow 
simple  control  of  the  data  collection  process  by 
the  microcomputer.  A  photosensor  was  used  to 
indicate  the  "0"  position  of  the  turntable.  The 
amplitude  voltage  from  the  gate  analog  output  was 
fed  to  an  analog-digital  converter (ADC).  Samples 
were  taken  at  programmed  time  increments  after  the 
"0"  position  was  passed.  The  digitized  amplitude 
data  were  stored  in  arrays  sequentially,  so  that 
the  location  of  the  datum  is  representative  of  part 
rotation  or  longitude.  Each  array  represented  one 
complete  rotation  at  a  particular  latitude.  An 
array  length  of  1000  words  was  chosen,  which 


resulted  in  samples  being  taken  at  0.36° 
increments. 


Fig.  1  Original  object  scanner. 

Many  of  the  inspections  are  made  on  equatorial 
welds  in  vessels  which  have  a  square  butt  joint 
configuration  at  the  weld  root.  The  welds 
frequently  are  also  allowed  to  have  a  finite  depth 
of  incomplete  penetration.  This  required  us  to 
make  a  quantitive  determination  of  the  penetration 
depth.  The  measurement  of  the  raw  reflection 
signal  did  not  yield  a  direct  indication  of  the 
root  height  due  to  saturation  of  the  signal  at  a 
notch  depth  of  about  0.5  itm  or  about  20%  of  the 
wall  thickness.  Greater  depths  than  that  do  result 
in  the  reflection  being  observed  at  a  greater 
number  of  latitudes  when  the  object  was  scanned. 

At  this  point  it  was  decided  that  it  would  be 
advantageous  to  have  the  two  scanner  motions  driven 
under  software  control  using  stepper  motors. 
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SYSTEM  DESCRIPTION 


A  duplicate  of  the  original  scanner  was 
fabricated  with  modifications  allowing  the 
installation  of  stepper  motors-  The  scanner  is 
used  as  part  of  an  integrated  system  containing  a 
microprocessor  for  control.  Fig.  2  shows  tfr 
components  of  the  entire  system.  The  scanner  is 
shown  in  figure  3.  Gear  reduction  drives  are 
utilized  to  increase  the  torque  output  oi  the 
motors  and  to  decrease  the  relative  movement  of  the 
driven  axis  to  a  reasonable  value.  A  30  to  1 
reduction  on  the  vertical  axis  rotation  is  used 
resulting  in  a  incremental  movement  of  0.12°  per 
step.  For  the  swing  arm  a  20  to  1  reduction  was 
used  which  results  in  a  incremental  movement  of 
0.003°  per  step.  The  particular  motor  driver  *;hich 
we  are  using  drives  the  motors  at  100  increments 
per  revolution.  The  motors  operate  at  200  steps 
per  revolution  but  the  drive  controller  outputs  two 
steps  per  conmand  increment.  Both  motors  are 
operated  within  the  zero  error  start/stop  speed 
regime  or  at  about  250  steps  per  second.  Backlash 
within  the  scanning  motions  is  reduced  or,  for  ;ur 
purposes,  eliminated  by  only  scanning  in  one 
direction.  When  a  particular  motion  is  returned  to 
a  starting  position,  it  is  moved  past  the  desired 
start  and  then  repositioned  by  moving  to  that 
position  in  the  same  direction  as  scanning  is  done. 
This  is  a  standard  method  for  backlash  compensation 
in  numerical  control  machines. 


Fig.  2  Block  diagram  of  data  collection  system. 

An  additional  axis  has  also  been  added  to  the 
tank  portion  to  allow  transverse  movement  of  the 
transducer  assembly.  This  axis  is  assembled  as  a 
frame  so  it  can  be  removed  when  not  required. 

Figure  4  shows  the  tank  with  the  frame  attached. 
This  axis  is  used  when  two  transducers  are  required 
to  perform  the  inspection  or  experiment.  The  axis 
has  an  incremental  movement  of  0.03175  mu.  per 
step. 

The  particular  motor  controller  being  used  was 
built  by  Group  M-5  of  LASL.  It  is  capable  of 
decoding  an  instruction  from  the  computer  interface 
to  drive  one  of  four  motors  in  a  specified 
direction  for  a  directed  number  of  steps  from  1  to 
255.  Only  one  axis  can  be  driven  at  a  time,  but 
this  is  normally  not  a  significant  problem.  Driver 
or  translator  cards  built  at  LASL  are  also  used  in 


tho  controller.  The  controller  is  addressed  and 
coupled  to  a  single  interface  with  a  Biomction  8100 
transient  recorder  and  a  M-5  designed  storage 
display  controller. 


Fig.  3  Scanner  driven  by  stepper  motors. 


Fig.  4  Transverse  motion  axis  frame  mounted  on 
tank  assembly. 


The  microcomputer  system  that  is  being 
utilized  is  a  DEC  LSI -11/2  processor  with  32k  words 
of  memory  and  the  extended  and  floating  point 
instruction  set  options.  The  RT-11  operating 
system  is  used.  A  dual-drive  double-density  floppy 
disc  unit  is  used  for  program  and  mass  storage. 
DRV-11  parallel  interfaces  are  used  to  Interface 
with  the  external  devices.  FORTRAN  is  used  as  the 
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high  K.'o1.  lanquaqe  and  the  MACRO  assembly  language 
Is  used  to  program  the  operation  of  the  peripheral 
instruments. 

DATA  COLLECTION  EXAMPLES 

As  stated  previously  many  of  the  inspections 
performed  using  this  system  are  of  equitorial 
welds.  The  system  is  set  up  by  adjusting  the  swing 
arm  frame  height  until  the  change  or  runout  in  the 
water  path  is  minimal  when  the  arm  is  rotated. 

This  positions  the  arm  pivot  axis  so  that  it  passes 
through  the  center  of  the  sphere.  Since  a  shear 
wave  angle  beam  inspection  is  desired,  the 
transducer  manipulator  is  adjusted  so  that  the  beam 
is  normal  to  the  surface.  An  offset  angle  then  is 
turned  into  the  manipulator  to  give  a  nominal  45° 
shear  beam  angle.  A  5.0  Mhz  focused  broadband 
transducer(Aerotech  Alpha  or  Panametrics  VIP 
Series)  is  used.  The  focusing  improves  the 
spatial  resolution  along  the  weld  length  and  the 
material  thickness  is  thin  enough  that  unsymetrical 
focusing  due  to  the  spherical  surface  does  not 
cause  problems.  The  swing  arm  is  moved  so  that  the 
beam  is  out  of  the  weld  area,  and  the  scanning 
process  begins.  The  current  program  makes  twenty 
rotational  scans  with  the  arm  being  incremented 
0.3°  per  revolution.  This  is  normally  sufficient 
to  completely  traverse  the  weld  zone  on  the  first 
bounce.  A  KBI  KB6000  ultrasonic  instrument  is 
used.  This  instrument  has  a  digital  output  of  both 
gate  time  and  amplitude.  At  the  present  time  only 
the  amplitude  word  is  used.  As  the  scanning 
process  progresses  the  data  are  stored  in  a  two 
dimensional  array.  An  array  of  the  maximum 
amplitudes  observed  at  each  longitude  is  also 
maintained.  The  maximum  amplitude  array  and  a 
polar  plot  of  any  data  which  exceeds  50%  full  scale 
amplitude  is  displayed  on  a  storage  scope  along 
with  the  current  amplitude  data.  This  allows  the 
operator  to  follow  the  inspection  and  to  make 
judgments  about  the  validity  of  the  data.  When 
the  scanning  is  completed,  the  accumulated  data 
plus  some  title  information  is  stored  on  floppy 
disc  for  further  processing. 

The  stored  data  is  plotted  out  using  a  DEC 
PDP-11/40  on  a  Versatec  printer/plotter  without 
extensive  processing.  One  output  is  the  maximum 
amplitude  values  and  a  polar  plot  of  all  points 
which  are  greater  than  20%  of  full  scale  amplitude. 
The  dot  size  of  the  latter  plot  is  varied  wish  the 
amplitude.  These  plots  are  shown  in  Fig.  5.  A 
second  output  is  an  isometric  representation  of  the 
amplitude  data  for  all  scans.  This  plot  is  shown 
in  Fig  6.  One  of  the  benefits  of  having  the 
maximum  amplitude  plot  generated  by  evaluating  the 
data  from  all  scans  ir  that  the  alignment  of  the 
equitorial  plane  of  the  test  item  does  not  have  to 
be  aligned  perfectly  normal  to  the  rotational  axis. 
Also  the  notches  in  the  sample  or  standard  do  not 
have  to  be  in  perfect  alignment,  but  some  tolerance 
is  allowed  in  their  placement. 

A  second  type  of  evaluation  that  can  be  made 
is  studying  the  refraction  and  mode  conversion  of  a 
wave  striking  a  metal  disc  at  varying  angles.  This 
geometry  is  to  be  used  for  studying  the  attenuation 
in  a  sample  which  might  contain  multiple  defects  or 
a  zone  of  modified  properties.  Fig.  4  shows  the 
basic  setup.  The  longitudinal  and  shear  wave 
velocities  in  the  disc  can  be  determined. 
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Fig.  5  A  graph  showing  the  polar  plot  and  maximum 
amplitude  plot  from  a  standard  containing 
1.  D.  notches  with  depths  of  5,  10,  20,  and 
30%  of  the  material  thickness. 


TEST  RUN  ON  -5  STRNDRRD  20-JUN-8O  K66O00  RND  LSI  11  SYSTEM 


Fig.  6  A  graph  showing  isometric  plot  representing 
reflection  amplitude  for  all  scans. 

Figures  8  through  10  show  some  of  the  waveforms 
obtained  from  the  disc.  The  wave  trains  are 
digitized  using  a  Biomation  8100  transient 
recorder.  The  displayed  data  is  the  average  of  the 
data  from  128  pulses.  The  longitudinal  and  shear 
wave  velocities  that  were  calculated  from  the  data 
are  5917  km/sec  and  3330  km/sec.  This  compares 
with  a  longitudinal  wave  velocity  of  5907  km/sec 
maasured  using  pulsed  resonant  frequency 
techniques. 


Fig.  7  Wave  train  obtained  without  a  specimen  in 
the  water  path. 


Fig.  8  Wave  train  obtained  with  the  specimen 
inserted  at  normal  incidence. 
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Fig.  9  Wave  train  obtained  with  the  specimen 
rotated  6°  off  normal.  The  receiving 
transducer  is  offset  to  obtain  peak 
amplitude  from  the  first  longitudinal 
refracted  wave. 


Fig.  10  Wave  train  obtained  with  the  specimen 

rotated  15°  off  normal  which  is  past  the 
longitudinal  critical  angle.  The 
receiving  tranducer  is  offset  to  obtain 
peak  amplitude  from  the  refracted  shear 
wave. 
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SUMMARY 


Automatic  data  collection,  processing  and 
display  using  mini-  and  microcomputer  technology 
has  been  used  by  Group  M-5  of  the  Los  Alamos 
Scientific  Labc.vaory  to  achieve  greater  detail  in 
ultrasonic  insp. ins.  This  was  achieved  by 
assembling  an  automated  scanner  that  although  it 
was  specifically  tailored  to  spherical  shapes  can 
be  utilized  to  perform  the  sample  and  tranducer 
motions  to  take  data  from  virtually  any  sample 
which  must  be  rotated  on  an  axis  during  the 
inspection  or  experiment.  Work  on  increasing  the 
types  of  motion  that  are  available  Is  continuing. 
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SUMMARY  DISCUSSION 


Tom  Moran,  Chairman  (AFWAL/MLLP) :  Are  there  any  questions  on  this  paper? 

Dob  Addison  (Rockwell  Science  Center):  On  the  manipulator  you  showed  In  the  last  slide,  v.hat  types  of 
precisions  and  accuracies  Is  your  machine  achieving? 

Ronald  Strong  (Los  Alamos  Scientific  Laboratory):  The  worm  gear  drive  Is  60  to  1.  At  200  steps  per 
revolution  the  reolutlon  of  the  manipulator  Is  0.03  degrees  per  step.  The  backlash,  when  the 
components  are  correcltly  matched,  Is  on  the  order  of  that  figure  a,so. 

Tom  Moran,  Chairman:  Okay.  That  adjourns  the  conference  for  the  formal  sessions,  at  least. 

Thank  you  all. 
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